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ABSTRACT

The road pavement is continuously subjected to the loads transferred from moving vehicles
during its design life and stresses and strains (responses) are induced in all pavement layers.
The responses occur in the subgrade, which is the in-situ soil stratum with a low modulus,
would gradually accumulate with the increase in volume of traffic although those responses
are low in their magnitudes. It is reasonable to assume that the responses which occur in
other pavement layers constructed according to the specifications outlined by the road
authorities are recoverable due to their high moduli. Therefore, the performance of a road
pavement significantly depends on the behaviour of its subgrade under the action of
moving traffic. Moreover, a study on this behaviour of nonlinear subgrade would increase
the confidence of pavement engineers in the design of flexible pavements.

The in-depth literature review has revealed that the nonlinear behaviour of subgrades under
the action of moving traffic has not been incorporated into the design charts that are
currently being used. Furthermore, the multi-layer elastic theory has been used for
developing those design charts, although, the sophisticated and fairly expensive finite
element computer codes are able to produce accurate results. Therefore, the intention of this
study is to investigate the nonlinear behaviour of subgrades under cyclic loading and to
develop a design chart for flexible pavements incorporating that behaviour of subgrades
employing the finite element theory in all the analyses.

The granular pavements are the most widely used type of flexible pavements in Australia.
Since subgrade materials with CBR values 5 and 7 are commonly found in road corridors

xvi

of Australia, two granular base pavements tested under the cyclic loading by means of
Accelerated Loading Facility (ALF) were selected from Callington, South Australia (with a
subgrade of CBR of 5) and Beerburrum, Queensland (with a subgrade of CBR of 7).

An appropriate pavement block is selected from the tested area and modelled as a finite
element model for each pavement. The applied cyclic ALF load was modelled as a stress
pulse with a cycle time and amplitude. The pavement materials, except subgrades, in both
pavements were modelled as linear elastic materials with their moduli and Poisson’s ratios.
Two curves of stress versus strain were developed using available literature and used to
model the nonlinear subgrades in both pavements. Since an analysis with millions of cycles
of load applications would require enormous amount of computer time, the analysis was
carried out in stages. When an analysis is carried out in stages, the stresses and strains in
nonlinear materials are to be submitted at the beginning of each stage as initial conditions.
Two curves of permanent strain versus number of load applications were developed using
available literature for both subgrade materials. With the aid of those curves together with
the developed stress versus strain curves, the stresses and strains in nonlinear subgrade
materials at the beginning of each stage were determined. The modelled pavement with the
modelled linear and nonlinear materials together with initial conditions was analysed when
subjected to the modelled cyclic load in each stage. The maximum deformations computed
on the surface of the pavement were compared with their corresponding field measured
permanent deformations. The agreement between the computed deformations and the field
measured deformations during the ALF testing has revealed that the curves of stress versus
strain as well as the curves of permanent strain versus number of load applications
developed for two subgrade materials for studying their nonlinear behaviour under cyclic

xvii

loading produce satisfactory results. Therefore, those curves were employed in estimating
the deformations of granular base pavements with subgrade materials with CBR values of 5
and 7.

Two sets of granular base pavements consist of identical thin asphalt surfaces and granular
bases were considered for the analysis. The CBR values of subgrade materials in these two
sets were considered as 5 and 7 respectively. The base thickness of these pavements was
changed from 350mm to 750mm with 100mm increments for both sets. The analysis was
carried out in stages for each pavement using the general purpose finite element computer
code ABAQUS/Standard. The maximum deformation computed at a point on the surface at
the end of each stage was plotted against the corresponding number of load applications for
each pavement. Those curves were used to estimate the number of load applications that
would produce a deformation of 25mm on each pavement. The estimated number of load
applications was assumed as the allowable number of Equivalent Standard Axles (ESA’s)
applied on each pavement during its design life. The base thickness was plotted against the
allowable number of ESA’s for each pavement and presented as the design curves for CBR
5 and CBR 7 in the design chart developed in this study.

In conclusion, the agreement between the computed deformations and the field measured
deformations during the ALF testing has demonstrated that the curves developed for
studying the nonlinear behaviour of subgrade materials under cyclic loading were able to
estimate the deformations in real pavement structures quite accurately.
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CHAPTER 1

INTRODUCTION

1.1

GENERAL

The performance of a road pavement significantly depends on the behaviour of its subgrade
under the action of moving traffic. Apart from the subgrade, all the other pavement layers
are generally constructed with the transported material, according to the prevailing standard
specifications put forward by road authorities. Except the subgrade, the material properties
as well as the performance of pavement layers could be enhanced to provide an acceptable
level of surface roughness and riding quality to satisfy the needs of the road users. Since the
subgrade is an in-situ soil stratum, the improvement of the properties and the performance
of this soil stratum are not practicable. Therefore, the investigation of the behaviour of the
subgrade of a pavement subjected to moving traffic loads is imperative in the field of
pavement engineering. Moreover, the findings of such an investigation could allow
updating the pavement design methods in practice and therefore, pavement engineers could
be able to design road pavements with confidence.

Romans were the first to recognise the significance of the subgrade in road construction
work. Thus, they applied elementary principles of soil mechanics in the construction of
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roads for horse driven carriages. They used the local material for all pavement layers to
their full capacity to avoid haulage problems. Furthermore, Romans introduced the layered
road construction method and in most of the roads they used a four-layer type construction
(Croney, 1977). In certain situations of this four-layer type construction they made some
modifications to the thicknesses of the lower layers of the road to satisfy the subgrade
conditions. Moreover, as the motor driven vehicles were introduced on to the roads in the
19th Century, the roads built by Romans proved to be not fully suitable for the motor
vehicle users. Therefore, during that era, the road practitioners had the task of finding
different design and construction methods of roads to meet the demands of road users.

The procedures used for pavement design in the first half of the 20th Century were based on
empirical methods. During this period heavy axle loads on pavements were not that great
and therefore, attention was not paid to incorporate heavy axle loads into these empirical
methods. These empirical methods were developed by means of laboratory and field data.
In these empirical methods researchers and pavement engineers introduced different types
of pavement (flexible and rigid) to satisfy the properties of the subgrade which was
classified with a group of charts and tables.

After World War II, there was a rapid growth in heavy vehicles and therefore, the axle
loads applied on the pavements were increased substantially. Thus the pavement engineers
experienced that these empirical methods used in the first half of the 20th Century, are not
practicable to use for the road design work to satisfy the growing demand of vehicular
loads. Therefore, in the beginning of the second half of the 20th Century road tests (e.g.
AASHO Road Test, 1961) were carried out and design charts were developed based on
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those test results. However, as a result of the prevailed environmental conditions and the
properties of materials used at those test sites as well as the rate of growth of heavy
vehicles considered at that period of testing, these design charts could not be applied for
design work at sites other than those with similar conditions.

Therefore, in the middle of the second half of the 20th Century, mechanistic methods based
on the multi-layer elastic theory were introduced for the design of flexible pavements with
bound and unbound materials to cope with the vehicular demand. In those methods
pavement layers were treated as linear elastic and the tyre pressure was considered to be
applied over a circular area and the loading was assumed as static. To analyse road
pavement structures, computer programs were developed using this multi-layer elastic
theory. Associated with these mechanistic methods the pavement responses (stresses,
strains and displacements) due to tyre pressure were derived and checked against the failure
criteria relevant to those responses. The purpose of this derivation is to determine the
allowable number of load repetitions that could be applied on the road pavement during its
design period.

In the latter part of the 20th Century, the researchers have introduced the finite element
theory in the analysis of pavements. The researchers have studied the nonlinear behaviour
of materials under static loading as well as repeated (cyclic) loading. However, due to the
complexity and the high cost of computer codes based on finite element theory, those
computer programs with multi-layer elastic theory are employed for the design of flexible
pavements. Furthermore, the pavement materials in those pavement structures analysed
with multi-layer elastic theory are assumed as linear elastic. However, the stress dependent
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nature of granular materials (variation of modulus with the depth) has been incorporated
into some of the computer programs based on multi-layer elastic theory.

1.2

THE AIM OF THE STUDY

As indicated in Section 1.1, although recent research has been carried out in the laboratory
to study the nonlinear behaviour of pavement materials under repeated (cyclic) loading, this
nonlinear behaviour has not yet been incorporated into the development of design charts for
the design of flexible pavements. Furthermore, the multi-layer elastic theory has been
employed to analyse the pavement structures in developing these design charts, apart from
finite element theory, although it is found that the finite element theory has the capacity to
produce comparatively accurate results from the analysis.

Therefore, in view of the above, the aim of this study is to investigate the nonlinear
behaviour of the subgrade (in-situ soil stratum) under the action of moving traffic (repeated
loading) as well as to incorporate that investigated nonlinear behaviour into design charts
by analysing flexible pavement structures using finite element theory.

The reason for selecting only the subgrade to study its nonlinearity under repeated loading
is that the pavement layers except subgrade are assumed as linear elastic since these layers
are generally constructed with transported material according to the specifications outlined
by road authorities. Moreover, this study is limited to subgrade materials with CBR
(California Bearing Ratio) values of 5 and 7, and for flexible pavements with granular
bases. The CBR values of 5 and 7 are considered fairly imperative, since the materials with
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CBR values greater than 10 are assumed as stronger materials. Generally, if the material in
a soil stratum has a CBR value greater than 10 in the road corridor (the route where the
road is constructed), then that soil stratum is excavated up to a depth of 200–300mm and
the excavated soil compacted to its maximum dry density (MDD) at optimum moisture
content (OMC), to achieve a higher modulus. In this process of compaction, in certain
situations, either lime or cement is mixed with the excavated soil for its stabilisation. This
compacted soil stratum is considered as the subbase of the constructed pavement. If the
CBR value of a subgrade material is less than 5, generally rigid pavements are
recommended. Furthermore, the CBR values of subgrade materials available in the road
corridors of Australia are generally between 5 and 10. The purpose of considering only the
granular base pavements for this study is that, this type of pavement is most commonly
used in Australia, especially for roads with Annual Average Daily Traffic (AADT) less
than 2000 per traffic lane and a lower percentage of heavy commercial vehicles. The
granular base pavements with a thin bituminous surfacing are not recommended for arterial
roads and freeways since they accommodate a higher percentage of heavy commercial
vehicles.

1.3

THE OBJECTIVES OF THE STUDY

The main objective of this study is to investigate the nonlinear behaviour of subgrades
subjected to repeated loading and incorporate that nonlinearity into the design charts used
for design of granular base pavements. The specific objectives of this study are:
•

To carry out an extensive literature review of past research works on the behaviour
of pavement materials under the action of static loading as well as moving loads.
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This review focussed on the historical background on the development of well
established pavement design methods as well as the recent research done in the field
of pavement engineering to ascertain the behaviour of the pavement materials and
the pavement structure as one component under the action of various loading
conditions;
•

To develop stress versus strain curves for two subgrade materials, selected using the
available literature, to express the nonlinearity of those materials;

•

To develop curves of permanent strain versus number of stress cycles for the
selected two subgrade materials using the available literature to assess the behaviour
of these subgrade materials under the action of repeated loading;

•

To carry out a verification on the suitability of the developed curves of stress versus
strain and the permanent strain versus number of stress cycles, for modelling of both
subgrade materials. This verification is to be carried out by applying these curves to
real pavement structures and then checking whether those curves would be able to
predict the behaviour of the pavements subjected to cyclic loading (repeated
loading). The pavement structures considered for this verification should consist of
unbound granular layers on top of their subgrades with CBR values of 5 or 7;

•

At the preparation stage of this verification, a suitable pavement block which
represents the selected pavement structure is to be selected and that block is to be
modelled as a finite element model. The materials except for subgrade of this
pavement structure are to be modelled as linear elastic materials, while the subgrade
is to be modelled with the developed stress versus strain curve. The applied repeated
loading is to be modelled as cyclic loading (stress pulse). This modelled pavement,
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with modelled materials, is to be analysed when it is subjected to the modelled
loading using a finite element computer code. Hence, the maximum deformations
computed at different stages of this analysis are to be compared with the
corresponding permanent deformations measured at the site;
•

At the end of this verification, two sets of granular base pavements with subgrades
of CBR 5 and 7, and having base thicknesses of 350mm, 450mm, 550mm, 650mm
and 750mm are to be modelled and analysed using the finite element computer
code. The deformations computed from these analyses are to be utilised in
predicting the number of load applications responsible for producing a 25mm
deformation on each pavement and that number of load applications could be
considered as the allowable number of Equivalent Standard Axles (ESA's) applied
on each pavement during its design period; and

•

To develop a design chart for the design of flexible granular pavements which are to
be constructed on subgrades with CBR values of 5 and 7, using the base thicknesses
and their corresponding allowable number of ESA's.

1.4

OUTLINE OF THE THESIS

This thesis comprises of seven chapters followed by a list of References and Appendices.

Chapter 1 contains the background to the study, the aim of the study, objectives and outline
of the thesis.
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Chapter 2 presents an extensive literature review of past research carried out in the field of
pavement designs, with special consideration for studies on pavement materials. In the first
part of this chapter, historical background relevant to the development of well established
pavement design methods evolved from the beginning of the 20th Century to current is
presented. In reviewing those pavement design methods, more attention is made to the
concepts and the methodology used in the development of these methods. Since finite
element theory is employed in this study for analysing the pavement structure, it is
necessary to model the pavement structure, the applied loading as well as the materials of
the pavement as the first step of the analysis. Therefore, in the latter part of this chapter a
review of recent research carried out on modelling of pavement, modelling of load and
modelling of materials is presented.

Chapter 3 describes the objectives of this study and the methodology adopted in achieving
those objectives in detail. In that methodology the selection of a suitable block of
pavements to model as a numerical model is discussed. Furthermore, the modelling of the
load on this pavement model as a stress pulse (cyclic loading) and the modelling of
pavement materials as linear as well as nonlinear are highlighted. Two real pavement
structures at Callington and Beerburrum (in Australia) where field testing has been carried
with cyclic loading and ten granular base pavements are selected for this modelling. The
stress versus strain curves are developed by means of the available literature and they are
used in modelling the nonlinear materials (nonlinear subgrades). The field testing at
Callington and Beerburrum has been carried out using the Accelerated Loading Facility
(ALF) owned by Australian Road Research Board (ARRB), and that ALF has the capacity
to apply cyclic loading on the pavement tested. In modelling of the above indicated
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pavement block as well as the applied load and the pavement materials, a general purpose
finite element computer code ABAQUS/Standard is used.

Chapter 4 describes the type of element selected for discretising the pavement model into
finite elements and the boundary conditions applied to the pavement model as well as the
method adopted in carrying out the analyses with ABAQUS/Standard. The pavement
models with modelled materials are subjected to the modelled cyclic loading (stress pulse)
during this finite element analyses. Since, the application of millions of cycles of load
applications would require enormous amount of computer time, this analysis is carried out
in stages with each pavement model. At the beginning of each stage, it is assumed that the
pavement model is subjected to a specific number of load applications. Hence, the stresses,
strains and deformations corresponding to that number of load applications remaining in the
model are considered as residuals. These residual stresses are required as initial conditions
at the beginning of each stage of the analysis. To obtain these initial conditions, the
behaviour of the nonlinear subgrade under cyclic loading is examined and a curve of
permanent strain versus number of stress cycles for each subgrade material is developed.
Furthermore, in addition to these curves, the curves of stress versus strain are used to
estimate the stresses required as the initial conditions.

Chapter 5 presents the results of finite element analyses carried out with all pavement
models. The results of linear analysis carried out with the pavement model of Callington
site are used to determine that the dimensions of the pavement block used for modelling are
adequate enough to prevent high stresses developing at the boundaries of the model. The
maximum deformations computed from the analyses with the pavement models of
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Callington and Beerburrum sites are matched with their corresponding permanent
deformations measured during the ALF testing. This matching is done to verify the
suitability of the use of developed curves of stress versus strain and permanent strain versus
number of stress cycles to predict the nonlinear behaviour of subgrade materials under
cyclic loading. The maximum deformations computed from the analyses with the pavement
models of ten granular base pavements are used to develop curves of deformation versus
number of load applications for each pavement. The number of load applications
corresponding to a deformation of 25mm is estimated from these developed curves. This
estimated number of load applications is considered as the allowable number of ESA's to be
applied on each pavement during its design period. The base thickness is plotted against the
corresponding allowable number of ESA's for each pavement for two subgrade CBR values
of 5 and 7 and presented as the design chart of this study.

Chapter 6 presents a broad discussion of the observations made from the literature review
and also a thorough examination of the analytical study carried out on flexible granular
base pavements in this study.

Chapter 7 outlines the conclusions reached based on the findings of this study and
recommendations for future research work.

A number of appendices are enclosed in this thesis. Appendix A contains a map showing
the location of Callington ALF trial site, together with a figure showing the test strip layout
and the experimental locations. Appendix B contains a map illustrating the location of
Beerburrum ALF site together with a figure showing the test strip layout and experimental
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locations. Appendix C contains a sample input file used in the ABAQUS/Standard analyses
with the pavement model of Callington ALF site. Appendix D contains a sample input file
used with the pavement model of Beerburrum ALF site. Appendix E contains sample input
file used with the pavement model of granular base pavement with a base thickness of
350mm and a subgrade of CBR 5. Appendix F contains a sample output file. Appendix G
contains a list of files available in the CD attached to the thesis.
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CHAPTER 2

LITERATURE REVIEW

2.1

INTRODUCTION

The development of various flexible pavement design methods from the beginning of the
20th Century and the recent research done in the field of pavement engineering to
incorporate the real conditions of a road pavement are discussed in this chapter. The
development of various flexible pavement design methods is discussed in Section 2.2. This
discussion is limited to well establish methods used by road agencies in USA, UK and
Australia. These pavement design methods can be categorised into two major groups as
empirical and mechanistic methods. The empirical pavement design methods are discussed
in Section 2.2.1, while mechanistic pavement design methods are discussed in Section
2.2.2.

The recent research done to emphasise real conditions in pavement analysis is discussed in
Section 2.3. It is required to simulate the pavement structure, the applied loading on the
pavement structure and the behaviour of various pavement materials under the applied
loading, before carrying out the analysis. The recent research done to simulate the
pavement structure is discussed in Section 2.3.1. In this simulation process the real
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pavement structure is transformed into a suitable mathematical model. Generally road
pavements are subjected to loads from: vehicles travelling in a single direction (moving
traffic); parked vehicles (stationary loads); turning vehicles (left turning or right turning
vehicles, lane changing vehicles and reversing vehicles); and transporting of heavy
construction equipment (occasionally). However, it is observed that most damage is done to
the pavement due to moving traffic (especially due to moving heavy commercial vehicles)
during the design life of the pavement. The recent research done in simulating the applied
load on the pavement due to moving traffic is discussed in Section 2.3.2. A flexible road
pavement is composed of several pavement layers which are made from different pavement
materials transported and compacted under different conditions. These pavement layers are
constructed on top of the in-situ subgrade in an orderly manner, starting from weaker
materials near the subgrade and stronger materials near the surface. The behaviour of these
pavement materials (transported materials as well as the in-situ subgrade materials) is
different from one to the other when they are subjected to the applied loading. Therefore,
recent research done in simulating the behaviour of these pavement materials under the
applied loading is discussed in Section 2.3.3.

2.2

HISTORICAL BACKGROUND

2.2.1

Empirical Methods

Purely empirical methods were developed for pavement designs during the first half of the
20th century. The results of the laboratory soil tests and the past experiences were used for
this development. In 1929, Hogentogler and Terzaghi presented a design method, by
categorising subgrades into different groups according to their performance. The type of
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pavement recommended depends on the performance of the subgrade. Since, Hogentogler
and Terzaghi (1929) did this work for US Bureau of Public Roads, this classification of soil
into various groups is known as PR system. Steele (1945) improved the PR system and
introduced the Group Index (GI) into the soil classification. To calculate the GI of a
material, the results of sieve analysis, liquid limit and plastic limit tests were used. This
method of soil classification is known as Group Index method. The various soil
classification methods used by different road authorities in USA during the period 1920 to
1947 were reviewed and compared by Casagrande in 1947 and he introduced a new soil
grouping method. This new soil classification method was used for the construction of
military airfields by the office of the Chief of Engineers and it was known as Airfield
Classification (AC) system. Later that name was changed to Casagrande soil classification
system or Unified Soil Classification system. The Group Index method [presently used as
AASHTO (American Association of State Highway and Transportation Officials) method]
and the Unified Soil Classification method are still used for classification of soils, but they
are no longer considered as the basis for deciding the type of pavement or thickness of the
pavement to be used.

The application of tri-axial compression test results to the calculation of flexible pavement
thickness was introduced by Barber in 1946. Barber (1946) has used the work done by
Love (1929) and Tufts (1940), for his method. The stresses acting on an element in a semiinfinite elastic mass subjected to a uniform pressure applied over a circular area at the
surface have been evaluated analytically by Love (1929), and those stresses have been
tabulated by Tufts (1940) according to Barber (1946). Barber (1946) has carried out triaxial compression test on undisturbed subgrade soil samples colleted from various depths
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of the subgrade. By combining the analytically computed stresses and the laboratory
determined deviator stresses at failure, for similar depths, Barber (1946) has produced a
design chart for the design of flexible pavements. The major disadvantage in this method is
that, the tri-axial test has to be carried out on undisturbed samples collected at different
depths from the subgrade. Porter (1950) who was responsible for the development of the
bearing value test, which is known as California Bearing Ratio test or CBR test, introduced
the CBR flexible pavement design method. In the CBR flexible pavement design method, a
correlation between laboratory determined CBR of compacted subbase and subgrade
materials and the total thickness of base and surfacing (found from field data) has been
established and presented graphically. Furthermore, the importance of compacting the
subbase and subgrade to the desired density has been highlighted in CBR flexible pavement
design method.

Previously discussed empirical methods were developed by correlating laboratory test
results with field data and were used to estimate thicknesses of flexible pavements. These
laboratory tests were carried out according to the standard specifications. However, the
road pavements from which field data were collected for correlation purposes, were found
to be not constructed according to any standard specification. It is important to note that the
above empirical methods were used to build road pavements to accommodate light weight
vehicular traffic such as motor cars, before World War II. After World War II, the road
pavements were subjected to heavy weight vehicular traffic. Therefore, road engineers were
unable to use the field data collected from light vehicular traffic roads to predict the
performance of heavy vehicular traffic roads.
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Once the above mentioned empirical pavement design methods became obsolete, the
American Association of State Highway Officials (AASHO) undertook to carry out a full
scale road test near Ottawa, Illinois (AASHO Road Test, 1961) in collaboration with other
organisations involved with road construction industry.

One of the main objectives of AASHO Road Test, as stated in the test report is:
•

To determine the significant relationships between the number of repetitions
of specified axle loads of different magnitude and arrangement and the
performance of different thicknesses of uniformly designed and constructed
asphalt surfaces on different thicknesses of bases and subbases on a subgrade
of known characteristics.

With the aim of fulfilling that objective, structural sections of pavements having various
combinations of thicknesses of asphalt surface, base and subbase were constructed. These
structural sections were subjected to ten combinations of axle arrangements and axle loads.
In these loading systems, Standard Axle is defined as a single axle with two pairs of dual
wheels with a load of 80kN (18000lbs). Whilst the load is being applied, pavement
condition measurements such as longitudinal and transverse surface profile as well as the
extent of cracking and patching, were carried out on each test section at an interval of 2
weeks. These pavement condition measurements enabled the performance of each test
section to be determined. In this pavement condition measurement process, a rating ranging
from 0 (very poor) to 5 (very good) were assigned to each pavement condition
measurement, and those ratings were used in determining the performance of a road
pavement. In determining the performance of a road pavement a new index was introduced

17

and it was named as Present Serviceability Index (PSI). In addition to the pavement
condition measurements, strains and stresses at different depths of pavement were
measured by means of strain gauges and pressure cells and deflections were measured
using the Benkelman Beam Apparatus. By means of all these measurements, a range of
graphs and charts were developed and regression equations were derived, to enable
engineers to engage confidently in the design of flexible pavements. It was revealed that,
the use of these charts and graphs for flexible pavement designs was limited to the locations
with similar environmental conditions as well as the properties of various pavement
materials used at the road test site at Illinois. The AASHO Road Test is considered as the
most comprehensive and valuable test that has been carried out in the history of pavement
engineering. The results of that AASHO Road Test were used in determining strains at
failure in various pavement layers, for mechanistic pavement design methods developed in
1970’s. The mechanistic pavement design methods are discussed in Section 2.2.2.

The Road Research Laboratory later in 1972 renamed as Transport and Road Research
Laboratory (TRRL) of Britain, undertook to prepare and update the structural design
procedures applicable to British road pavements, after World War II. After reviewing the
methods of design then in use, they published Road Note 20 for the design of flexible
pavements in 1955 (Croney, 1977). In 1960 the first edition of Road Note 29 was published
for design of both flexible and concrete (rigid) pavements, and it was revised in 1965 and
rewritten in 1970 (Road Note 29, 1970). With the aim of publishing the Road Note 29, fullscale experimental road sections were constructed in many parts of Britain, and their
performances were monitored. In this monitoring process weighbridges were permanently
installed to obtain the axle-load spectrum. To assess the pavement performance,
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deformations along the wheel path (rut depth) were measured and the cracking of road
surface was observed and recorded. In this assessment a total deformation of 25mm was
considered as a failure condition of the pavement. The number of commercial axles which
would produce a 25mm deformation without severe cracking was converted to cumulative
number of Standard Axles and this cumulative value was considered to be the design life of
a pavement. Since the experimental road sections were constructed in many parts of
Britain, unlike the AASHO Road Test, where all test sections were constructed near
Ottawa, Illinois, the graphs and charts presented in Road Note 29 represent various
subgrade strengths and different environmental conditions.

The charts and graphs presented in AASHO Road Test Report and Road Note 29 were used
for routine design work by road engineers until late 1970’s. The rate of growth of traffic
(specially the rate of growth in commercial vehicles) exceeded expectations. The excessive
extrapolation of the graphs already made, led to less accurate results. Therefore, researchers
tend to direct their studies towards an analytical approach.

2.2.2

Mechanistic Methods

It becomes evident that an analytical approach was needed in determining the pavement
thickness with the increase of the rate of growth of commercial vehicles, due to the
industrial revolution. The objective of this analytical approach is to find out relationships
between axle loads, pavement material properties and behaviour of pavement layers
(responses of pavement layers) under the action of axle loads.
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If the flexible pavement under wheel load is considered as an elastic homogeneous
medium, Boussinesq (1885) theory could be applied to determine the stresses, strains and
deflections due to the wheel load, at any point in that medium (Huang, 1993). The wheel
load is considered either as a concentrated load or the tyre pressure distributed over a
circular area. In 1943, Burmister considered the pavement as a two layer structure, and
presented the two layer elastic theory, which was later used by many researchers, as multilayer elastic theory in their design methods.

Kerkhoven and Dorman (1953) improved the CBR method which was the most popular
empirical design method for flexible pavements, during that time. Kerkhoven and Dorman
(1953) used Boussinesq (1885) equation in their calculations, and further they considered
that the CBR of a material represents the modulus of the same material. To reduce the
permanent deformation Kerkhoven and Dorman (1953) considered the vertical compressive
strain on the surface of subgrade as a failure criterion.

In 1965, Dorman jointly with Metcalf, presented design curves for the design of flexible
pavements, based on three layer elastic theory. In this study Dorman and Metcalf (1965)
considered both the vertical compressive strain on top of the subgrade and horizontal
tensile strain at the bottom of asphalt layer. The vertical compressive strain on top of the
subgrade influences the deformation of the road surface along the wheel path (rut depth),
while the horizontal tensile strain at the bottom of asphalt layer influences the tendency for
cracks to develop on the surface of the pavement. The results of AASHO Road Test were
used by Dorman and Metcalf (1965), to determine the permissible values for compressive
strains on the subgrade and tensile strains in the asphalt, corresponding to various numbers

20

of load applications. Since, Dorman and Metcalf (1965) have done this work for Shell
International Petroleum Company, the charts prepared by them are known as Shell Design
Charts for flexible pavements.

Claessen et al. (1977) updated the Shell Design Charts, using the computer program BISAR
(De Jong et al., 1973). The computer program BISAR has been developed for multi-layer
elastic systems under normal and tangential surface loads. The original Shell Design Charts
were limited to four different subgrade strengths and limited moduli of asphalt and granular
materials. With the use of computer program BISAR, Claessen et al. (1977) were able to
analyse pavements with different material properties, different loading conditions, and
different climatic conditions (temperature). Claessen et al. (1977) produced a series of
design charts for the design of economical flexible pavements and these charts enable the
road engineers to reduce costs involved in computing as well as testing of road construction
materials.

Shook et al. (1982) developed the computer program DAMA which uses the multi-layer
elastic theory and produced design charts for the design of flexible pavements. These
design charts were presented as the Thickness Design Manual (ninth edition) of Asphalt
Institute (AI). The concepts used in producing the design charts were limiting subgrade
strain to control permanent deformation and limiting tensile strain in the asphalt layers to
control fatigue cracking. Since Shook et al. (1982) have used three types of bases namely,
an asphalt base, an emulsified asphalt base and untreated granular base, design curves are
available for various thicknesses of asphalt base, emulsified asphalt base and untreated
granular (aggregate) base.
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The computer program ELSYM5, which is to be used in IBM-PC and compatible
microcomputers, was developed by Kopperman et al. in 1986. The computer programs
BISAR and DAMA were developed to be used in mainframe computers. A User’s Manual
was developed for ELSYM5, so that, the computer program could be used in design
offices. The ELSYM5 computer program has the capacity to analyse five elastic layered
structures within a three dimensional Cartesian co-ordinate system, whereas the co-ordinate
system used for BISAR and DAMA was a cylindrical system. The ELSYM5
microcomputer version consists of an interactive input processor, an analysis program and
an interactive output processor. The user was able to change data in the input processor,
and repeat the analysis, until an economical design is reached.

Wardle (1977) developed the computer program CIRCLY which could analyse pavement
layers consisting of isotropic materials as well as anisotropic materials. In pavement
analysis, the wheel load applied to the pavement is considered as a tyre pressure applied
over a contact area between the tyre and road surface. In most pavement analysis methods,
this contact area between the tyre and road surface is considered as a circular loaded area.
Since, ELSYM5 and CIRCLY use Cartesian co-ordinate system, those computer programs
can handle one or more circular loaded areas. Whereas in BISAR (De Jong et al., 1973) and
DAMA (Shook et al., 1982) computer programs which use cylindrical co-ordinate system,
only one circular loaded area was considered. However, Kruntcheva et al. (2005) have
indicated that the current version of BISAR allows for a variety of loading conditions to be
modelled with multiple wheel loads. The principle of superposition was employed to
determine the response (stress, strain or displacement) at any point when the multiple loads
(two or more loaded areas) were specified. The computer program CIRCLY can handle six
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types of loading stress distributions applied to circular areas, and they are namely: vertical
force; horizontal force; moment about horizontal axis; moment about vertical axis; radial
shear stress; and vertical force due to rough contact. The computer program CIRCLY was
first developed to solve geomechanics problems in the Division of Applied Geomechanics
of Commonwealth Scientific and Industrial Research Organisation (CSIRO) of Australia.
However, in 1987, the National Association of Australian State Road Authorities
(NAASRA) used CRICLY to revise and update the design charts in the Guide to Structural
Design of Pavements (formerly Interim Guide to Pavement Thickness Design – 1979). This
revised version of, Guide to Structural Design of Pavements, was further revised in 1992
and 2004 by AUSTROADS (formerly NAASRA) and produced new design charts. It is
important to note that CIRCLY version 5.0, which is currently used for design of flexible
pavements in Australia, is written in FORTRAN IV language. The output consists of
stresses, strains and displacements expressed in rectangular (Cartesian) co-ordinate system
at specified points.

The major disadvantage in the multi-layer elastic theory was the assumption that each layer
is homogeneous with the same properties throughout the layer. This assumption made it
difficult to analyse the layered systems composed of nonlinear materials such as untreated
(unbound) granular bases, and subbases. The stress dependent nature of elastic modulus of
granular materials has been considered in BISAR, DAMA and CIRCLY computer
programs. In the BISAR computer program the equations used were:

E 2 = RE 3

and

2.1
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R = 0.2h 0.45
2

for 2< R < 4

2.2

where,
E2 = modulus of unbound layer
E3 = modulus of underlying layer (subgrade)
h2 = thickness of unbound layer
R = modular ratio (depends on thickness of unbound layer)

In the DAMA computer program the equation used was:
M = k 1θ k 2

2.3

where,
M = stiffness modulus of granular material
θ = bulk stress (first stress invariant)
k1 = a material constant
k2 = a material constant

In the computer program CIRCLY, the granular base or subbase layers were divided into
sub-layers of equal thickness. The two equations used were:
E1 = RE 2

and

2.4

1

⎛ E top layer ⎞ n
⎟ for R<2
R =⎜
⎟
⎜E
⎝ subgrade ⎠

2.5

where,
E1, E2

= the moduli of two consecutive layers so that layer with modulus E1 is on
top of layer with modulus E2
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E top layer = modulus of the top layer of divided layer
E subgrade = modulus of subgrade
R

= modular ratio

n

= number of sub-layers

Although, the stress dependent nature of granular materials has been considered in this
multi-layer elastic theory based computer programs, there is no significant evidence
available to indicate that the nonlinearity of granular materials has been considered. The
modulus of a granular material varies during the design life of a pavement due to climatic
changes (freezing and thawing), due to fluctuations in water table and due to repeated
loading (moving traffic). The relationship between stresses and strains (which means the
variation in modulus) due to repeated loading was studied by many researchers. This
nonlinear behaviour of granular materials due to repeated loading is discussed in detail in
Section 2.3.3. Since it was difficult to analyse pavement structures with nonlinear materials
using multi-layer elastic theory, researchers have focussed their studies towards the finite
element theory.

Duncan et al. (1968), first applied the finite element theory for the analysis of flexible
pavements. In multi-layer elastic theory, it was assumed that all pavement layers are
infinite in horizontal direction and apart from subgrade; all other layers have finite
thicknesses in the vertical direction. In finite element theory the pavement structure is
divided into a set of elements connected at their joints or nodal points. This set of elements
was termed as pavement model. Duncan et al. (1968), in their study used a finite element
computer program which was developed by Wilson (1965), from the University of
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California, Berkeley. Furthermore, Duncan et al. (1968) have considered the nonlinearity of
granular base and cohesive subgrade.

For nonlinear granular material the relationship used was;

M r = kσ 3n

2.6

where,
Mr = resilient modulus of the material
σ3 = minor principal stress
k = a material constant
n = a material constant

For nonlinear cohesive subgrade, the relationship used was;
M r = K 2 + K 3 [K 1 - (σ1 - σ 3 )] ,

for K1>(σ1 - σ3)

2.7

M r = K 2 + K 4 [(σ1 - σ 3 ) - K 1 ] ,

for K1<(σ1 - σ3)

2.8

where,
Mr = resilient modulus of the material
σ1 = major principal stress
σ3 = minor principal stress
K1, K2, K3, and K4 = material constants

Huang (1969) presented a finite element method for computing stresses and displacements
in nonlinear soil media. In his study, Huang (1969) considered only one layer of nonlinear
soil material. When considering the nonlinearity of soil, Huang (1969) has used two
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relationships which are similar to Equation 2.6. If the soil layer was a sand layer, then he
assumed that the modulus of elasticity depends on the first stress invariant. If the layer was
a clay layer, then he assumed that the modulus of elasticity depends on the second stress
invariant.

Duncan et al. (1968) and Huang (1969) have carried out comparative studies. Duncan et al.
(1968) compared the responses computed from the finite element theory with the responses
computed from the elastic theory and they found that there was a favourable agreement
between the two sets of responses when linear elastic materials were considered.
Furthermore, Duncan et al. (1968), compared the deflections computed by the finite
element computer program with the deflections measured for an in-service pavement near
Gonzales, California, and they found that the computed deflections were in the same range
as those measured at that site. In the latter comparison, Duncan et al. (1968) considered the
nonlinearity of granular base material and cohesive subgrade and the relationships used
were given in Equations 2.6, 2.7 and 2.8. Huang (1969) compared the results computed
from the finite element method with the results computed from the elastic theory and he
found that the two sets of results check closely, when linear elastic materials were
considered. Then Huang (1969), compared the results computed with both linear and
nonlinear materials from the finite element method and expressed that the nonlinear
behaviour of soils has a predominant effect on vertical and radial displacements.

In 1980, Raad and Figueroa, using the finite element method presented by Duncan et al.
(1968), developed the finite element computer program ILLI-PAVE. Since Raad and
Figueroa (1980) carried out their study for the University of Illinois at Urbana, Illinois, this
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computer program was named as ILLI-PAVE. In their study, they used two layer pavement
structures, with a granular base over a subgrade. They used nonlinear relationships between
the resilient modulus and the normal stresses, similar to those relationships used by Duncan
et al. (1968).

The nonlinear relationship used for granular soils was:
M r = kθ n

2.9

where,
Mr = resilient modulus of the material
θ = σ1 + σ2 + σ3
σ1, σ2, σ3 = principal stresses
k, n = material constants

The nonlinear relationships used for fine-grained subgrade were same as Equations 2.7 and
2.8. The finite element analysis was carried out by iteration, changing the stresses after
each iteration, such that the principal stresses do not exceed the values defined by the
Mohr-Coulomb envelope. Although, Raad and Figueroa (1980) presented the use of ILLIPAVE method for the analysis of flexible pavements, this method was too costly, complex
and cumbersome to be used for routine design works. Therefore, Thompson and Elliott
(1985) developed regression equations to predict the responses of typical flexible
pavements. In this study, Thompson and Elliott (1985) analysed a total of 168 pavement
configurations, using ILLI-PAVE computer program to derive these regression equations.
A three layer pavement structure that consists of an asphalt surface, a crushed rock base and
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a subgrade was considered in their study. The regression equations presented for
calculation of radial strain (horizontal) at the bottom of the asphalt layer and the vertical
strain on top of the subgrade require only four parameters. The required parameters are the
thickness of the asphalt layer, the thickness of the base layer, the modulus of the asphalt
and the K1 value (as indicated in Equations 2.7 and 2.8) of the subgrade material. The
values of k and n in Equation 2.9 and the values of K2, K3 and K4 in Equations 2.7 and 2.8
were kept as constants, in the study of Thompson and Elliott (1985).

Harichandran et al. (1990) developed the finite element computer program MICH-PAVE
for Michigan State University. The computer program MICH-PAVE uses the same
methods as used in ILLI-PAVE to characterise the nonlinear granular materials and finegrained subgrades and the same Mohr-Coulomb failure criteria to adjust the principal
stresses.

In finite element methods discussed above (Duncan et al., 1968, Huang, 1969, Raad and
Figueroa, 1980 and Harichandran et al., 1990) the pavement model used for the analysis
was an axisymmetric model with the load applied at the centre of the surface over a circular
area. The Microsoft Windows version of MICH-PAVE computes the responses to a higher
degree of accuracy than the DOS version of MICH-PAVE, because the Microsoft Windows
version could handle a large number of elements with a large number of simultaneous
equations in the analysis, whereas the DOS version has storage limitations (Huang, 2004).

The above discussion shows that finite element computer programs could compute
pavement responses to a high degree of accuracy in the analysis of flexible pavements.
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Although, in the finite element methods discussed above used an axisymmetric model with
a static loading, in reality road pavements are subjected to moving traffic loads (repeated
loading). Furthermore, the nonlinear behaviour of a granular material under repeated
loading has not been taken into consideration in those finite element methods. Therefore,
the recent research done in pavement analysis to include the real condition when a
pavement with nonlinear materials is subjected to moving traffic is discussed in Section
2.3.

2.3

REVIEW OF RECENT RESEARCH

2.3.1

Recent Research Done in Modelling of Pavement

At the outset of pavement analysis using a computer program, it is necessary to simulate the
pavement structure effectively. In this simulation the pavement structure is transformed into
a mathematical model. This process is known as modelling of pavement. Researchers used
different types of pavement modelling to represent the real condition of the pavement
structure in the mathematical model. Although finite element theory was able to produce
more accurate results in pavement analysis, than in multi-layer elastic theory, the recent
research done using both theories for modelling of pavement are discussed here, since the
flexible pavement design methods used in routine design works are still based on multilayer elastic theory.

The multi-layer elastic theory was presented by Burmister (1943), as indicated in Section
2.2.2. The computer programs BISAR (De Jong et al., 1973), DAMA (Shook et al., 1982),
ELSYM5 (Kopperman et al., 1986) and CIRCLY (Wardle, 1977), were developed using
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multi-layer elastic theory. In multi-layer elastic theory, the flexible pavement is considered
as a structure with several horizontal layers, infinitely extending laterally, and having finite
thicknesses vertically except the subgrade. Therefore, when modelling the pavement
structure for computer programs, based on multi-layer elastic theory, the pavement is
modelled as a multi-layer semi-infinite half space. The thickness of each layer except
subgrade is submitted as input data. This thickness data is also submitted in an orderly
manner, starting from top layer (surface). The thickness of last layer (subgrade) is defined
as zero (0), to indicate it extends infinitely. Since, all pavement layers have infinite widths
and subgrade extends infinitely in vertical downward direction, there are no specific
boundaries to be defined, for computer programs, which use multi-layer elastic theory.
However, the boundary between any two consecutive layers, which is the interface, is
considered as having full friction, rough and well bonded. The top surface is assumed as
free from shear. The computer programs ELSYM5 and CIRCLY have the option of
assuming a finite thickness to the bottom layer (subgrade) but supported by a rigid base.
The option of assuming the boundary between the bottom layer and this rigid base as rough
or smooth, is available with both programs ELSYM5 and CIRCLY. Since, it is assumed in
multi-layer elastic theory that each horizontal layer extends infinitely with a single modulus
and a Poisson’s ratio, researchers were unable to continue with their research work to
satisfy the real conditions of the pavement structure with the help of multi-layer elastic
theory. Hence, researchers were interested in enhancing the pavement modelling by means
of finite element method.

In Section 2.2.2, it was discussed, that the finite element theory was employed, in the
analysis of flexible pavement by Duncan et al. (1968), Raad and Figueroa (1980),
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Thompson and Elliott (1985) and Harichandran et al. (1990). The pavement model that they
used in their studies was an axisymmetric model (cylindrical model), with specified
boundary conditions. The cylindrical co-ordinates were used in defining the nodal points
which form the cylindrical model. The load was applied over a circular area, at the centre of
the top surface. The vertical axis passing through the centre of the top surface was
considered as the axis of symmetry. The cylindrical model used by Duncan et al. (1968),
has a radius equivalent to 12 times the radius of circular loaded area, and a height
equivalent to 50 times the radius of circular loaded area. The cylindrical model used by
Raad and Figueroa (1980), had a radius equivalent to 25 times the radius of circular loaded
area, and height equivalent to 36 times the radius of circular loaded area. Harichandran et
al. (1990) have used a cylindrical model, with a radius and height equivalent to 10 times the
radius of circular loaded area, in their DOS version of MICH-PAVE computer program.
However, Harichandran et al. (2001) have increased the radius of the cylindrical model to
20 times the radius of the circular loaded area, in their Microsoft Windows version
computer program of MICH-PAVE (Huang, 2004).

The specified boundary conditions were supplied for the boundaries of the cylindrical
model, such as outer peripheral surface and the bottom surface. The specified boundary
conditions used by Duncan et al. (1968), Raad and Figueroa (1980) and Harichandran et al.
(1990) were:
•

The nodal points which form the outer peripheral surface of the cylinder were
constrained from moving radially (horizontally), which means a roller support
condition was assumed for the outer peripheral surface; and
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•

The nodal points which form the bottom surface of the cylindrical model were
constrained from moving vertically or horizontally, which means a fixed
condition was assumed for the bottom surface.

Mallela and George (1994), Uddin and Pan (1995) and Cho et al. (1996) used the three
dimensional model in their studies, and they have used the finite element computer package
ABAQUS (1993). Preliminary studies carried out by Mallela and George (1994) included a
sensitivity analysis to formalise various aspects such as mesh size and boundary conditions
of the finite element model. From their preliminary study Mallela and George (1994) have
found that, the deflections produced at the bottom boundary were negligible, when the
subgrade depth was 12.2m. Therefore, the bottom boundary was fixed, for a subgrade with
a depth of 12.2m. Furthermore Mallela and George (1994) have found that if the subgrade
extends laterally 12.2m from the centre of the loaded area, roller-type boundary conditions
could be applied to the lateral boundary. A finer mesh in the vicinity of load, and a coarser
mesh away from the load, has been used by Mallela and George (1994). The aspect ratio
(the ratio of longer side to shorter side) of the elements in the loaded area was kept below 2,
by them for better precision. Since, Mallela and George (1994), have modelled a pavement
under Falling Weight Deflectometer (FWD) load, they have carried out a dynamic analysis,
and compared the numerically computed deflections at various locations on the surface,
with the field measured deflections of FWD test.

Uddin and Pan (1995) modelled a pavement with cracks and discontinuities, as a three
dimensional finite element model, and carried out dynamic analysis and compared the
computed deflections at various locations on surface with field measured FWD test results.
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The main objective of the study carried out by Uddin and Pan (1995), was to model a
pavement with cracks and discontinuities and to compute the pavement responses to
dynamic FWD loads in order to back calculate pavement layer moduli. However, the
advanced methods used by them, in the modelling of pavement structure are discussed here.
Uddin and Pan (1995) have modelled a pavement block of 26.6m wide subgrade with a
fixed boundary condition at the bottom face, and roller-type boundary condition on the
lateral faces. The studies carried out by Mallela and George (1994) as well as Uddin and
Pan (1995), considered the FWD load on the pavement. The FWD load was applied over a
circular area. In a circular loaded area there are two axes of symmetry perpendicular to each
other on the horizontal plane. Those two axes of symmetry and the vertical axis passing
through the centre of the circular area are considered as X, Y and Z axes respectively, when
three dimensional Cartesian co-ordinate system is considered. Therefore, Mallela and
George (1994) have considered only quarter of the pavement, bounded by two planes XZ
and YZ which are passing through the X and Y axes respectively. The load applied on this
quarter pavement model is equal to a quarter of the FWD load. Since only quarter of the
pavement block was considered, the dimensions of the pavement model studied by Mallela
and George (1994) were, 12.2m in X and Y directions, and 12.2m subgrade thickness plus
the base and surface thickness in the Z direction. However, in the study carried out by
Uddin and Pan (1995), they have considered half of the pavement passing through a single
axis of symmetry, with half of the FWD load. Therefore, the dimensions of the pavement
model of Uddin and Pan (1995) study were, 26.6m in the X direction, 9.15m in the Y
direction and 12.2m subgrade thickness plus the other pavement layer thicknesses in the Z
direction. The size of the pavement models used by Mallela and George (1994) and Uddin
and Pan (1995) were comparatively larger than the size of the models used by Duncan et al.
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(1968), Raad and Figueroa (1980) and Harichandran et al. (1990). When the size of the
pavement model increases, the dimensions of elements in the model become larger and that
is due to the limitation of storage as well as the availability of the memory of the computer
package used. Thus a finite element model with coarser mesh (with large elements) would
lead to less accurate results.

Cho et al. (1996) carried out a study to compare the results computed with three types of
pavement models. The three types of models used in their study were, (2-D) plain strain,
axisymmetric and (3-D) three dimensional models. The (2-D) plain strain model requires
relatively little computational time and memory according to Cho et al. (1996). However,
they have indicated that the load has to be represented as a line load in (2-D) plain strain
models. In the axisymmetric model, the pavement structure was assumed to have constant
properties in horizontal planes, and the load was modelled as a pressure applied on circular
area. Although the axisymmetric model is three dimensional it has the ability to analyse
pavement structures two dimensionally using cylindrical co-ordinates (Cho et al.,1996) and
this is one of the key advantages of this model. In an axisymmetric model, only a single
load can be distributed on a circular area and therefore it is impossible to study the effect of
dual tyre load on that axisymmetric model. The third formulation considered by Cho et al.
(1996) was a three dimensional finite element model with Cartesian co-ordinates. This type
of model can represent the pavement configuration accurately, including loading positions,
shoulders and discontinuities such as joints and cracks by introducing special elements into
the model. However, the three dimensional model requires much more computational time
and memory than the other two models (Cho et al.,1996).
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There are two types of elements available in the formulation of finite element models. One
is a linear element which uses first order interpolation function and the other is a quadratic
element which uses second order interpolation function. The linear elements generally
produce a less accurate solution which strongly depends on the aspect ratio, while quadratic
elements generally provide more accurate solutions and the aspect ratio has less effect on
the solution as well (Cho et al., 1996). Quadratic elements require more computing and set
up time, especially for three dimensional analysis, according to Cho et al. (1996). Mallela
and George (1994) have used linear elements in formulation of their three dimensional
model. Uddin and Pan (1995) have used 8 node brick elements with linear interpolation in
their study. Cho et al. (1996) have used linear and quadratic elements in their study with
three dimensional model. Furthermore, Cho et al. (1996) have used continuous solid
elements with and without reduced integration in their study with quarter-symmetric and
semi-symmetric models. The deflections and stresses computed with quarter-symmetric and
semi-symmetric models with linear elements and quadratic elements with or without
reduced integration were compared with deflections and stresses computed for a similar
pavement with the computer program BISAR which is based on multi-layer elastic theory.
The deflections and stresses yielded from finite element models were higher than that
yielded from multi-layer elastic theory. The semi-symmetric model with quadratic elements
yielded the highest deflections and stresses. The deflections and stresses computed with
quarter symmetric model with quadratic elements were less than that yielded with semisymmetric model with quadratic elements. However, if a finite mesh was used (by
increasing the number of elements and reducing the size of elements) for quarter-symmetric
model, since the size of the model is halved for a quarter-symmetric model, the responses
computed would be much closer to responses computed with semi-symmetric model (Cho
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et al.,1996). Furthermore, Cho et al. (1996), have concluded that, by using a quartersymmetric model with quadratic elements and with reduced integration more accurate
results could be expected in less computer time provided that a finer mesh is used near the
vicinity of the load and proper boundary conditions are applied.

Tutumluer and Barksdale (1998) have considered the particulate nature of granular material
in their study and modelled the granular bases in flexible pavements using discrete
deformable blocks. In an unbound granular base, individual particles of varying sizes are in
contact with other surrounding particles. There is no binding material in an unbound
granular base, to make, that layer behave as a homogeneous continuum. When an unbound
granular base is subjected to an applied wheel load, small particle movements take place
and that may involve one or all of the following modes: interparticle slippage, particle
rotation, particle separation and fracture at particle contacts (Tutumluer and Barksdale,
1998). As a result of these small particle movements, stresses are transmitted along
different lines through the material. A new state of stress is then formed in the material
where particle contacts have opened up slightly and some small gaps close and readjust for
the new equilibrium of the particles (Tutumluer and Barksdale, 1998). Considering those
small particle movements and state of stress mentioned above, Tutumluer and Barksdale
(1998) have modelled the granular base with continuum blocks connected only by
surrounding interface elements at each block interface. Eight node quadrilateral (three
dimensional) elements were used for modelling of continuum blocks and six node (two
dimensional) elements were used in modelling interface elements. The two dimensional
interface elements have zero thickness. However, after carrying out a comprehensive study,
Tutumluer and Barksdale (1998) have concluded that the continuum approach may be
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adequate in most cases to design a flexible pavement, provided that the tensile stresses in
the lower portion of the base are negligible.

Kim and Tutumluer (2006) have used the general purpose finite element computer program
ABAQUS in their study on modelling the nonlinear behaviour of stress-dependent
pavement foundation (subgrade). Kim and Tutumluer (2006) have modelled the pavement
as an axisymmetric model and compared their results with the results obtained with the
computer program GT-PAVE and found good agreement. Furthermore, Kim and Tutumluer
(2006) have concluded that if a three dimensional model is used, a general purpose finite
element program would produce fairly accurate results in the pavement analysis.

2.3.2

Recent Research Done in Modelling of Load

The multi-layer elastic theory presented by Burmister (1943) and computer programs such
as BISAR (De Jong et al., 1973), DAMA (Shook et al., 1982), ELSYM5 (Kopperman et al.,
1986) and CIRCLY (Wardle, 1977) have used the load on pavement as a static loading. In
this multi-layer elastic theory, it has been assumed that all pavement layers are
homogeneous, isotropic, linear elastic and material properties are time-independent (Perloff
and Moavenzadeh, 1967). This time-independent nature of material properties have been
assumed primarily because of the reduction in mathematical complexity when carrying out
the analysis. Perloff and Moavenzadeh (1967) have considered various time-dependent
constitutive equations to characterise the pavement materials and determined the surface
deflections. In their study, Perloff and Moavenzadeh (1967) have considered a
homogeneous, isotropic, linear viscoelastic (time-dependent) half space subjected to a point
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load moving across its surface and derived equations to determine the deflection of a point
on the surface. Based upon their study, Perloff and Moavenzadeh (1967) have concluded
that when the time-dependent nature of the material is incorporated in the analysis, the
surface displacement too is time-dependent. Furthermore, they insisted that the
displacements depend upon the magnitude and velocity of the load, the material elastic
modulus, the elastic and viscous components of the shear response of the material and time.
The surface displacement due to a stationary load (static load) applied on a viscoelastic
medium is higher than the surface displacement due to a moving load applied on a similar
medium, even though the displacement depends on the magnitude and velocity of the load
(Perloff and Moavenzadeh, 1967). The interaction between the load velocity and the
material properties produces continued deflection even though the load is moving away
from the point considered and thereby this effect leads to accumulation of displacement due
to a series of separated moving loads (repeated loads) (Perloff and Moavenzadeh, 1967).

Barksdale (1971) simulated the moving traffic over a pavement structure to a rapidly
applied compressive stress pulse. Barksdale (1971) further stated that the most realistic
method to determine the stress condition of a material subjected to a compressive stress
pulse in the field is to carryout a repeated load tri-axial test in the laboratory. In his study,
Barksdale (1971) has investigated the shape and the duration of the compressive stress
pulse resulting at different depths beneath the surface for several flexible pavement systems
and for different vehicular speeds. The principle of superposition was used to assess the
shape and the duration of the stress pulse and its variation with the depth from the surface
of a pavement system as the vehicle moves at a constant speed over the surface. The finite
element model used was axisymmetric and materials were assumed as linear elastic and the
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applied load at centre was increased gradually in increments. The vertical stresses due to
each incremental load at various locations along a horizontal plane were computed using a
finite element computer program (Barksdale, 1971). The distances to those locations along
a horizontal plane were converted to time durations, by dividing the distance by vehicle
speed. The principle of superposition was applied by Barksdale (1971) to plot the variation
of stress pulse against the duration of time. After carrying out this study for a number of
horizontal planes and various vehicular speeds, Barksdale (1971) has concluded that the
shape and the duration of the stress pulse vary significantly with the depth of selected
horizontal layer. Barksdale (1971) has found that the shapes of the stress pulse, on the
planes which are close to the surface, are half sinusoidal (positive values only). Thus the
shapes of the stress pulse on planes close to the subgrade are found to be triangular
(positive values only). The duration of the stress pulse increases as the depth increases and
Barksdale (1971) has illustrated this behaviour graphically by plotting stress pulse time
against depth below the surface, of the layers that he has selected, on a semi-log scale for a
number of vehicular speeds.

Elliott and Moavenzadeh (1971) have carried out a study with three types of loading
conditions. The first type of loading was a stationary load applied and maintained at the
surface. The second type of loading was a repeated load applied with a specified frequency
to the surface. The third type of loading was a load that travels at a constant velocity along
a straight path on the surface. In their study, Elliott and Moavenzadeh (1971) have
considered four different pavement systems. Each pavement system consists of a surface,
base and a subgrade. In the first system, the materials in all three layers were assumed as
linear elastic. In the second system, the materials in all three layers were assumed as

40

viscoelastic, i.e., time dependent. In the third system, the material in the surface was
assumed as viscoelastic while the other two layers were assumed as linear elastic. In the
fourth system, the materials in the surface and the base were assumed as linear elastic,
while the subgrade was assumed as viscoelastic. The viscoelastic nature of the materials
was modelled using time dependent creep functions.

The following conclusions were forwarded from their study by Elliott and Moavenzadeh
(1971):
•

The deflection on the surface due to stationary load applied on the surface of a
pavement system with linear elastic materials is less than that of a pavement system
with viscoelastic materials, when time (t) is equal to zero;

•

With the increase in time (t), the deflection on the surface due to a stationary load
for a pavement system with linear elastic materials remain as a constant value, while
the deflection on the surface for a pavement system with viscoelastic materials
increases rapidly at the beginning, and after a long period of time it remains as a
constant, and then the deflection depends on the time-dependent creep function
used;

•

With the repeated loading, the deflection on the surface of a pavement system with
viscoelastic materials depends on the duration of the applied load, which means, for
a load with less duration (higher velocity), the deflection will be high. It was also
found that the deflection increases and accumulated with the increase in number of
repetitions of the load; and

41

•

With the load moving at a constant velocity, it was found that there was a time lag
between the application of the load at a point and the occurrence of the maximum
deflection at the same point. Moreover, it was found that if the velocity of the
moving load is greater, the smaller is the time lag.

The studies carried out by Perloff and Moavenzadeh (1967), Barksdale (1971), Elliott and
Moavenzadeh (1971) have demonstrated that the moving traffic on a pavement surface can
be best simulated by a repeated loading than a static loading. Furthermore, Barksdale
(1971) has illustrated that the response due to repeated loading can be best modelled as a
sinusoidal compressive pulse with an amplitude and cycle time for pavement layers near
the surface. For pavement layers near the subgrade the response could be modelled with an
equivalent triangular pulse.

Many researchers (after Perloff and Moavenzadeh, 1967, Barksdale, 1971, Elliott and
Moavenzadeh, 1971) have tested pavement materials (especially granular materials) in
repeated load tri-axial test in the laboratory to study the behaviour of nonlinear materials
subjected to repetitive load (moving traffic), and this is discussed in detail in Section 2.3.3.
The maximum stress induced in the nonlinear material due to the applied tyre pressure on
the pavement surface has been used as the deviator stress in those repeated load tri-axial
tests in the laboratory.

Vehicular weights are transferred to a pavement system via wheels. Light vehicles such as
motor cars and wagons have two axles (one in front and one at rear) with single wheel at
each end. Heavy commercial vehicles such as buses, trucks, semi-trailors and road trains

42

have single axle with single wheel at each end in the front, and single axle with dual wheels
or tandem axle with dual wheels or tri-axle with dual wheels or quad-axle (quadruple axle)
with dual wheels or a combination of these axles apart from front. The vehicular weights
increased considerably after the World War II due to the industrial revolution. The loads
transferred on to the pavement from wheels were increased and caused severe damage to
the pavement system. Therefore, new regulations were imposed on vehicle manufacturers
to maintain specified standards on axle loads of vehicles. A single axle with two pairs of
dual wheels with a load of 80kN was considered as the Standard Axle. A standard
maximum load for each tandem axle, tri-axle and quad-axle has been specified such that,
the load onto those axles could be converted to Equivalent Standard Axles (AASHTO,
1993, AI, 1991, AUSTROADS, 1992 and 2004). The total traffic (heavy commercial
vehicles) on the pavement system during the design life of a flexible pavement can be
expressed as cumulative number of Equivalent Standard Axles (ESA's) or Standard Axle
Repetitions (SAR's) as explained in the design guides of AASHTO (1993), AI (1991) and
AUSROADS (2004).

The load on a wheel is transferred onto the pavement system through the contact area
between the wheel (tyre) and the road surface. The contact area between the tyre and road
surface depends on the tyre pressure. For low tyre pressures, the contact area between tyre
and road surface was assumed as a circular area. Therefore, in all empirical methods
discussed in Section 2.2.1, the load on pavement was considered as a stress (tyre pressure)
applied over a circular area. In the mechanistic methods discussed in Section 2.2.2,
Burmister (1943), Dorman and Metcalf (1965), Claessen et al., (1977) and shook et al.,
(1982) and other researchers who have used multi-layer elastic theory with cylindrical co-
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ordinate system, have considered a circular loaded area. Kopperman et al. (1986) and
Wardle (1977) have used either two or four circular areas representing, a half Standard
Axle consists of one pair of dual wheels or a Standard Axle consists of two pairs of dual
wheels respectively, since they have used Cartesian co-ordinates system in their studies.
Duncan et al. (1968), Raad and Figueroa (1980) and Harichandran et al. (1990), have used
a circular loaded area in their studies with axisymmetric models and finite element theory.
Though, the contact area between tyre and surface was known to be elliptical rather than
circular, the researchers mentioned above have used a circular area for simplified
mathematical calculation.

The Portland Cement Association (PCA) in 1966, in their “Thickness Design for Concrete
Pavements”, used a contact area between tyre and pavement surface, consisting of a
rectangle and two semi-circles on opposite sides, as shown in Figure 2.1.

0.3L

0.6L

L

Figure 2.1

The contact area between tyre and pavement surface (PCA, 1966)

The total contact area A can be determined using Equation 2.10.
A = π (0.3 L ) + (0.4 L )(0.6 L )
2

2.10
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The area A is approximately equal to 0.5227L2 by simplifying the Equation 2.10. When the
load on a tyre and its tyre pressure are known, the area A could be determined using
Equation 2.11.
A=

W
P

2.11

where,
A = contact area between tyre and pavement surface (m2)
W = the load on tyre (kN)
P = the tyre pressure (kPa)
In 1984, the PCA used a rectangular shape as shown in Figure 2.2, as the equivalent contact
area between tyre and pavement surface, instead of shape shown in Figure 2.1 in their
method based on finite element theory.

Area = 0.5227L2

0.6L

0.8712L
Figure 2.2

The equivalent contact area between tyre and pavement surface (PCA, 1984)

Siddharthan et al. (2002), have used the circular shape contact area and the shapes shown in
Figures 2.1 and 2.2, in their study. Furthermore, Siddharthan et al. (2002) have indicated
that the orientation of the shape of contact area between tyre and pavement surface with
respect to direction of moving traffic depends on the width of tyre. The shapes of contact
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area between tyre and pavement surface, for tyres in a Standard Axle with dual tyres and
tyres in a tandem axle with single wide base tyres are shown in Figures 2.3 and 2.4
respectively.

Direction of traffic
0.3L

0.6L

L

Figure 2.3

Contact area between tyre and pavement surface of a single tyre (with a load
of 20kN) of a Standard Axle with dual wheels (Siddharthan et al., 2002)

Direction of traffic

Figure 2.4

Contact area between tyre and pavement surface of a single tyre (with a load
of 45kN) of a tandem axle with single tyres (Siddharthan et al., 2002)
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2.3.3

Recent Research Done in Modelling of Materials

In the mechanistic pavement design methods developed using computer programs BISAR
(De Jong et al., 1973), DAMA (Shook et al., 1982), ELSYM5 (Kopperman et al., 1986) and
CIRCLY (Wardle, 1977) based on multi-layer elastic theory with a static loading all
pavement layers were assumed as linear elastic. When modelling a linear elastic material,
the two parameters required were the elastic modulus of the material and its Poisson’s ratio.
It was assumed that, a linear elastic material obeys the Hooke’s law and it behaves like a
spring. However, it is well known that most paving materials are not purely elastic, but
experience some permanent deformation after each load application. The total strain
consists of an elastic strain (or recoverable strain) as well as a plastic strain (or permanent
strain). If the elastic modulus is determined using this recoverable strain, then it is called
resilient modulus.
Mr =

σd
εr

2.12

where,
Mr = Resilient modulus of the material
σd = deviator stress (axial stress in an unconfined compression test)
or axial stress in excess of confining pressure in a tri-axial compression test
εr = recoverable strain under repeated load

The repeated load unconfined compression test and the repeated load tri-axial compression
test are the tests recommended to determine the resilient modulus of granular materials
(base and subbase materials) and fine-grained soils (subgrade materials). The duration of
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the loading pulse used in these repeated load tests depends on the design speed and the
distance of that material under test from the pavement surface in the field (Barksdale,
1971).

In the absence of results of such tests, the researchers have used various correlations to
determine the resilient modulus of granular and fine-grained materials.

The most common correlation used for subgrade materials with low CBR values is given in
Equation 2.13. Furthermore, AUSTROADS (2004) recommends the use of Equation 2.13,
in determining the moduli of subgrade materials with low CBR values up to a maximum
modulus of 150MPa.

M r (MPa) = 10 CBR

2.13

where,
Mr

= Resilient modulus of material in MPa

CBR = The California Bearing Ratio value of the subgrade material as a
percentage

Seed et al. (1962), Ahmed and Larew (1963) Hicks and Monismith (1971) studied the
factors influencing the resilient response of granular base materials and subgrade soils by
carrying out repeated load tri-axial tests and presented correlations similar to correlation
shown in Equation 2.12. To determine the resilient modulus of granular materials,
correlations used by Claessen et al. (1977), Shook et al. (1982) and Wardle (1977) are
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given in Equations 2.1, 2.3 and 2.4. Similarly, the correlations used to determine resilient
modulus of nonlinear granular materials by Duncan et al. (1968), Raad and Figueroa (1980)
and Harichandran et al. (1990) are given in Equations 2.6, 2.7, 2.8 and 2.9.

Although the resilient modulus is defined as the deviator stress divided by the recoverable
strain as expressed in Equation 2.12, various researchers have used different correlations in
their studies as indicated in Equations 2.1, 2.3, 2.4, 2.6, 2.7, 2.8 and 2.9 and it is important
to note that they have used static loading in their studies.

Brown (1974) carried out a study on repeated load testing of a granular material.
Furthermore, Brown et al. (1975) and Boyce et al. (1976) studied the resilient behaviour of
a granular material under repeated loading. In his study Brown (1974) has established
relationships between resilient strain and number of stress cycles as well as relationships
between permanent strain and number of stress cycles. Moreover, Brown (1974) has
established relationships between resilient strain and deviator stress and also relationships
between permanent strain and deviator stress. According to Boyce et al. (1976), the
nonlinear behaviour of a granular material can be expressed using a relationship between
resilient modulus and the state of stress [either summation of principal stresses (θ), or
lateral stress (σ3)], provided that the vertical stress applied is a constant (static loading).
Thus, the use of Equations 2.1, 2.3, 2.4, 2.6, 2.7, 2.8 and 2.9 to represent the nonlinearity of
granular materials is found to be satisfactory under static loading according to Boyce et al.
(1976). Granular materials are subjected to a wide range of strains and stresses due to
traffic loading. Therefore, if repeated loading is to be incorporated into the pavement
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analysis, the use of the equations mentioned above to express nonlinearity of granular
materials become invalid. However, the relationships presented by Brown (1974) between
resilient strain and applied stress (deviator stress) for different cell pressures (σ3) as well as
the relationships between permanent strain and number of stress cycles for different
deviator stresses and a constant cell pressure (σ3) are useful for modelling of a material
under repeated loading. Boyce et al. (1976) have indicated that, if the granular material
consists of large aggregate particles, the resilient behaviour of the material will demonstrate
an anisotropic nature and this anisotropic nature will increase with the increase in number
of load applications. However, if the granular material consists of small aggregate particles
(less than 5mm), this anisotropic behaviour of the material can be ignored for low values of
cell pressures (Boyce et al., 1976).

Seyhan and Tutumluer (2000) have carried out a study on characterisation of unbound
granular materials by analysing the anisotropic as well as stress path dependent behaviour
of those materials. Seyhan and Tutumluer (2000) have tested twelve aggregates with
varying material types and properties, using the triaxial testing machine referred as
University of Illinois Fast Cell and they have tested the compacted specimens subjected to
stress pulses applied either in vertical or horizontal direction and they developed nonlinear
stress dependent models to estimate the resilient moduli applicable to horizontal and
vertical directions.

Puppala et al. (2005) have carried out a study on plastic strains induced in subgrade soils
due to repeated loading. In their study, Puppala et al. (2005) tested laboratory compacted
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soil specimens in repeated load triaxial apparatus and measured the plastic strains induced
in two subgrade soils namely coarse and silty sand. These tests were continued up to 10,000
repeated load cycles and the accumulated plastic strains as well as plastic deformations
were measured by Puppala et al. (2005).

The researchers who have carried out repeated load tri-axial tests on granular materials or
subgrade materials have mostly studied the behaviour of resilient response with the
repeated load. However, Brown (1974) and Puppala et al. (2005) have studied the
behaviour of residual response (permanent strain or plastic strain) with the repeated load.

Pidwerbesky (1995) studied strain response and performance of subgrade of flexible
pavements under various loading conditions. In his study, Pidwerbesky (1995) examined
the influence of load magnitude, number of repetitions of load and tyre pressure on the
behaviour of thin surfaced granular pavements. Pidwerbesky (1995) assessed the pavement
response and performance by measuring surface deflections, longitudinal and transverse
profiles and vertical strain in the granular layers and subgrade. The increase in axle load has
the greatest effect on pavement response and the increases in tyre pressure have resulted
slight decreases in the magnitude of the vertical compressive strain in the subgrade and in
unbound granular layer according to Pidwerbesky (1995). Furthermore, Pidwerbesky
(1995) has indicated that the magnitudes of the resilient strains measured are substantially
greater than the levels predicted by the other models which have been used for pavement
design procedures, for the same number of loading repetitions. Pidwerbesky (1995) has
conducted his studies using the Canterbury accelerated pavement testing indoor facility in
New Zealand.
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Witczak et al. (1995) have carried out a numerical study to derive equations to predict the
stress dependent resilient modulus (Mr) of subgrade material to be used in the AASHTO
Design Method, replacing the non stress dependent relationship of Mr with CBR values.
Russell and Hossain (2000) have carried out a similar study to determine the resilient
modulus of subgrade to be used as an input in AASHTO Design Method. In their study
Russell and Hossain (2000) analysed subgrade resilient moduli backcalculated from the
Falling Weight Deflectometer (FWD) test results of nine pavement projects constructed by
Kansas Department of Transportation as well as laboratory determined resilient moduli of
subgrade materials of those projects. The laboratory determined resilient modulus is one
third of backcalculated value according to the findings of Russell and Hossain (2000) and
they suggested laboratory moduli are to be used for new road projects and backcalculated
moduli to be used for rehabilitation projects.

Several practices of modelling unbound granular materials used in European countries were
reviewed and published as a report in COST 337 (2000). Those practices include modelling
of resilient and permanent behaviour of unbound granular materials. In this review,
experimental data of cyclic load triaxial tests carried out in different European countries
were collected by the Directorate-General for Energy and Transport of European
Commission. This review was limited to resilient behaviour and permanent behaviour of
unbound granular materials used for base and subbase layers. Some of the
recommendations indicated in COST 337 (2000) report are:
•

The elastic moduli and Poisson’s ratios are to be used in routine pavement design
works. Those parameters are to be selected according to the state and level of stress,
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moisture content and compaction levels, since these conditions have a greater
impact on those parameters of unbound granular materials; and
•

In advanced pavement design or research studies, the resilient behaviour of unbound
granular materials is to be used with finite element modelling.

Meshkani et al. (2003) employed non-destructive testing methods to study the variations in
the modulus of different pavement layers. Meshkani et al. (2003) have used Falling Weight
Deflectometer (FWD) as well as Seismic Pavement Analyser (SPA) in their study. The
nonlinear parameters required for the constitutive model developed from laboratory testing
can be determined combining the results of FWD and SPA according to Meshkani et al.
(2003). However, as Meshkani et al. (2003) have stated the most reliable way to estimate
the nonlinear parameters required in determining modulus of bases and subgrades is
through the laboratory testing.

A backcalculation tool named Artificial Neural Networks (ANN) was developed by
Gopalakrishnan and Thompson (2004) to backcalculate the moduli of pavement layers in
airport pavements. Most backcalculation programs were developed using forward
calculations obtained from multi-layer elastic theory based computer programs. The ANN
has been developed using the finite element program ILLI-PAVE by Gopalakrishnan and
Thompson (2004).

Kim and Tutumluer (2006) have modelled a nonlinear stress dependent subgrade and
analysed the pavement with nonlinear subgrade using ABAQUS finite element computer
code. Kim and Tutumluer (2006) have compared the pavement responses computed with
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ABAQUS with the responses computed from GT-PAVE and found both responses are in
agreement. The validated computer program GT-PAVE is based on the multi-layer elastic
theory and developed specially for analysing pavements. However, ABAQUS is a general
purpose finite element program which uses nonlinear iterative solution techniques for the
analysis. In their study Kim and Tutumluer (2006) have modelled the pavement as an
axisymmetric model. Kim and Tutumluer (2006) have carried out a similar study by
modelling the pavement as an axisymmetric model as well as three dimensional model
using ABAQUS computer program. Kim and Tutumluer (2006) stressed the importance of
correctly modelling the nonlinear stress-dependent unbound base and subgrade layers in
order to predict reliable accurate pavement responses from the analyses.

Oh et al. (2006) have used different constitutive models in modelling the pavement
materials and determined the pavement responses and they have compared the computed
deflections with the deflections measured with Multi-depth Deflectometers (MDDs)
installed on a tested pavement section. Oh et al. (2006) were able to obtain reliable
comparisons when the base and subgrade materials were modelled as nonlinear cross
anisotropic according to them. Oh et al. (2006) have considered the cross anisotropic
behaviour of asphalt in their study and insisted the importance of that behaviour. In
assessing the pavement damage due to truck (heavy commercial vehicle) loading, Oh et al.
(2006) have considered the cross anisotropic behaviour of asphalt as well as the nonlinear
cross anisotropic behaviour of unbound materials.

Khazanovich et al. (2006) have carried out a study with unbound materials to determine the
parameters required to estimate the resilient moduli of unbound materials. These estimated
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resilient moduli are to be used as an input in the mechanistic-empirical pavement design
guide (MEPDG) which is also known as the 2002 design guide (AASHTO) which has used
the multi-layer elastic theory for analysis.

To determine the influence of gradation of soils, thicknesses of granular base and asphalt
surface on the resilient modulus of subgrade, Kim et al. (2007) have carried out a study
with sandy subgrade soils. In their study Kim et al. (2007) have collected 75 FWD data sets
from conventional flexible pavement sites and back-calculated the modulus of subgrade at
each site using a back calculation program. Cores of asphalt and samples of granular and
subgrade materials were collected for laboratory testing. Kim et al. (2007) have analysed
the pavements using the computer program TTI-PAVE (a finite element based program)
together with back-calculated and laboratory determined moduli. By comparing the
computed deflections and the measured FWD deflections Kim et al. (2007) have concluded
that, the gradation of soils, the thicknesses of granular base and asphalt surface have a
greater influence on the modulus of the subgrade.

It is observed from this discussion that, in estimating the resilient moduli of the nonlinear
granular materials as well as the subgrade materials most of the researchers have used
various co-relationships relevant to the nature of their study.

The recent research done in modelling the asphalt materials subjected to moving loads are
discussed next. Pister and Monismith (1960) carried out an analysis of flexible pavements
with viscoelastic materials. Thereafter, Perloff and Moavenzadeh (1967), Chou and Larew
(1969), Elliott and Moavenzadeh (1971) and Huang (1973), have studied the stresses,
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strains and displacements in a viscoelastic medium due to moving loads. Viscoelastic
materials possess elastic properties as well as viscous properties. The elastic behaviour of a
viscoelastic material can be modelled by means of a mechanical spring, while it’s viscous
behaviour can be modelled using a dashpot. Normally, an elastic material obeys Hooke’s
law, while a viscous material obeys Newton’s law. In the Hook’s law, the stress is
proportional to strain.
Therefore,

σ=Eε

2.14

where,
σ = stress
E = modulus of the material
ε

= strain

In the Newton’s law, the stress is proportional to the time rate of strain.
Therefore,

σ=λ

∂ε
∂t

2.15

where,
σ = stress
λ = viscosity of the material
∂ε
= time rate of strain (partial derivative of strain with respect to time)
∂t

A viscoelastic material can be modelled using a combination of a spring and a dashpot.
When a spring and a dashpot are combined is series, it is called a Maxwell model and when
a spring and a dashpot are combined in parallel it is called a Kelvin model. In the Maxwell
model, total strain is equal to the summation of strain due to the spring (elastic component)
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and strain due to the dashpot (viscous component). In the Kelvin model, total stress is equal
to the summation of stress due to the spring (elastic component) and stress due to the
dashpot (viscous component). In the Maxwell model, both spring and dashpot are subjected
to the same stress, whereas, in the Kelvin model, both spring and dashpot are subjected to
the same strain. Therefore, the relationship between stress and strain used in modelling the
viscoelastic material depends on the type of model used. Perloff and Moavenzadeh (1967)
and Chou and Larew (1969) have used the Kelvin model in their study, while Huang (1973)
has used a combination of Maxwell and Kelvin models in his study. Elliott and
Moavenzadeh (1971) have used creep functions in modelling the viscoelastic materials.
These creep functions consist of time dependent stresses and strains. The relationships
between stresses and strains in a viscoelastic medium presented by Perloff and
Moavenzadeh (1967), Chou and Larew (1969), Elliott and Moavenzadeh (1971) and Huang
(1973) were expressed using complex mathematical equations. The parameters required to
model asphalt (viscoelastic material) using those mathematical equations are needed to be
derived by means of laboratory tests, since they depend on conditions such as loading time
(speed), temperature, bitumen content, penetration grade of bitumen and percentage of
voids in the mix. These laboratory tests are not only time consuming, but they require
sophisticated equipment as well (Huang, 2004). Brown (1973) has indicated that, if the
bituminous layer (asphalt) is not substantially thick, then the characteristics of that layer do
not significantly influence the performance of the pavement.

Apart from the time, the properties of a viscoelastic material vary with the variation in
temperature (Pagen, 1965). The viscoelastic material becomes stiffer when it is subjected to
moving traffic as well as change in temperature. The modulus of such a material is termed
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as “Stiffness Modulus”. To determine the stiffness modulus of bitumen, Van Der Poel
(1954) has developed a nomograph (Huang, 2004). The nomograph developed by Bonnaure
et al. (1977) to determine the stiffness modulus of a bituminous mix is published in the
Shell Pavement Design Manual (1978). These two nomographs are published in
AUSTROADS (2004). AUSTROADS (2004) is the guide to the structural design of road
pavements in Australia. The stiffness modulus of a bituminous mix, determined by means
of the nomographs given in AUSROADS (2004), and a suitable Poisson’s ratio of that
bituminous mix are reasonably good enough to model the viscoelastic bituminous material
(asphalt). This method of modelling of a bituminous mix using only the stiffness modulus
and the Poisson’s ratio had been supported by Brown in 1973, provided that the thickness
of a layer, which is made out of that bituminous mix, is not substantially thick.

2.4

SUMMARY OF CHAPTER 2

The well established design methods used for the design of flexible pavements, from the
beginning of the 20th Century are discussed in Section 2.2. In the early form of empirical
methods, only the subgrade was tested. The pavement thicknesses were decided according
to the type of subgrade. When it became evident that the heavy axle loads applied on
pavements as well as the pavement material properties such as moduli and Poisson’s ratios
are playing a key role in the performance of pavements, road tests were carried out. The
results collected through these road tests were used to develop design charts, graphs and
regression equations. There were some limitations in the use of these design charts, graphs
and regression equations, since they were developed according to the environmental
conditions and the properties of the materials used at the test sites.
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The mechanistic (analytical) methods were employed in the design of flexible pavements
from early seventies, due to the rapid increase in the rate of growth of commercial vehicles
travelled on the pavements. In the first phase of the mechanistic methods, the pavement is
considered as a multi-layer structure and each layer is considered to be composed of a
material with elastic properties. The multi-layer elastic theory was used to develop several
computer programs to design flexible pavements. However, researchers were unable to
model the nonlinearity of pavement materials (granular materials) using the multi-layer
elastic theory. With the use of finite element theory, researchers were able to model the
nonlinearity of pavement materials and achieve fairly accurate results in pavement analysis.
However, it was indicated that for routine designs of flexible pavements, methods based on
multi-layer elastic theory are being employed due to high cost and computer time involved
in finite element methods. Although, high cost and computer time involved in finite
element methods, research studies are being done to incorporate the real behaviour of
pavement structures under moving traffic in the pavement analysis. Firstly, the
improvements done in the modelling of pavement structures are discussed. In that
discussion, the use of three dimensional and axisymmetric pavement models with quadratic
elements is highlighted. It is also emphasised that the three dimensional pavement models
yield more accurate results than the axisymmetric model. However, it is revealed that, a
quarter symmetric model with quadratic elements with reduced integration would yield
reasonably acceptable results in a less computer time.

The improvements made on the modelling of applied load on pavement structures are
discussed. It has been observed that most of the researchers have considered that the
applied load on pavement structures due to traffic, as static loading. That static loading has
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been modelled as a tyre pressure applied over a circular area. However, in reality road
pavements are subjected to moving traffic. Therefore, it was shown that the load transferred
from the moving traffic on to the pavement structure could be modelled by means of a
compressive stress pulse with an amplitude and cycle time (period). Moreover, the research
done to replace the circular loaded area with an area that consists of a rectangle and two
semi-circles is discussed. Thereafter the research done in modelling of nonlinear granular
materials and viscoelastic materials are discussed. Although, the behaviour of a granular
material under repeated loading has been studied extensively, such behaviour has not been
incorporated into the pavement design methods.

The current study on the analysis of pavements incorporates real pavement situations by
improving the loading conditions (repeated loading/cyclic loading) and the nonlinear
behaviour of materials under repeated loading as discussed in Chapter 3.
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CHAPTER 3

DESCRIPTION OF CURRENT STUDY

3.1

INTRODUCTION

In this chapter a detailed description of the current study is given. The objectives of this
study are explained in Section 3.2. The method adopted in achieving the objectives is
described in Section 3.3. The finite element theory is used in this study, instead of multilayer elastic theory. This is because finite element theory is the most commonly applied
theory for recent research in pavement engineering. A general purpose finite element
computer package is used for the finite element analysis. Prior to computer analysis:
modelling of the structural component; modelling of the load; modelling of the materials of
the structural component are carried out. The procedures of these three modelling methods
are explained and illustrated in Sections 3.4, 3.5 and 3.6 respectively.

3.2

THE OBJECTIVE OF THE STUDY

The historical background of established pavement design methods is discussed in Section
2.2 of Chapter 2. The recent research done to enhance pavement design procedures by
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incorporating nonlinearity of pavement materials as well as different loading conditions are
discussed in Section 2.3 of Chapter 2.

It is found that most of the research work has been done without considering nonlinear
behaviour of subgrade. However, the viscoelastic behaviour of asphalt (or bituminous
materials) as surface material or base material has been studied by various researchers
(Pister and Monismith, 1960, Perloff and Moavenzadeh, 1967, Chou and Larew, 1969,
Elliott and Moavenzadeh, 1971, Brown, 1973 and Huang, 1973) as indicated in Chapter 2.
The stress dependent nature of granular materials too has been studied by other researchers
(Duncan et al., 1968, Hicks and Monismith, 1971, Raad and Figueroa, 1980, and
Harichandran et al., 1990) as described in Chapter 2. Furthermore, these researchers have
assumed the subgrade as linear elastic isotropic or anisotropic since the stresses and strains
transmitted onto the subgrade due to traffic loading is comparatively low. The pavement
base which is constructed either on the subbase or subgrade was assumed as the main
structural component of the road pavement. However, it has been observed that, pavements
do fail due to excessive deformations or rut depths developed along the wheel paths when
the pavements are subjected to repeated loading (moving traffic load). The subgrade
failures lead to these excessive deformations along the wheel paths on the pavement surface
(Huang, 2004).

Therefore the investigation of behaviour of subgrade when a pavement is subjected to a
repeated loading would enable to design road pavements with confidence.
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In this study the nonlinear behaviour of subgrade is envisaged and the main objectives of
this study can be classified as follows:
•

To investigate the nonlinear behaviour of subgrade, when a pavement is
subjected to a cyclic loading (repeated load); and

•

To incorporate that nonlinearity of subgrade into pavement design method.

The method adopted in achieving the above objectives of this study is explained in Section
3.3. Pavements with a granular base are only considered in this study as it is the most
commonly used pavement type in Australia. Since this study is devoted to investigate the
nonlinear behaviour of subgrade all pavement materials except subgrade are assumed as
linear elastic.

3.3

THE METHODOLOGY

The method adopted in computer analysis is necessary to be verified by applying that
method to a real existing pavement. Therefore, firstly, the method adopted in studying the
nonlinear behaviour of subgrade is checked with two granular base pavements, where field
testing have been carried out with Accelerated Loading Facility (ALF) owned by Australian
Road Research Board (ARRB). The ALF has the capability of applying a cyclic loading on
the pavement surface. The permanent deformations due to various numbers of loading
cycles have been recorded for both sites. Those permanent deformations are checked with
displacements (deformations) computed from the computer analysis.
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A section of pavement under the wheel load of ALF is selected and modelled as a finite
element model for each pavement using the computer package ABAQUS/Standard (1998).
The modelling of pavement sections as finite element models is discussed in detail in
Section 3.4. The loading applied by ALF is modelled as a cyclic loading, with amplitude
and a cycle time, for each pavement separately. A detailed discussion of modelling the load
as a cyclic loading is given in Section 3.5. The pavement materials except subgrade in both
pavements are assumed as linear elastic and homogeneous. Therefore those pavement
materials are modelled as linear elastic materials. The subgrades in both pavements are
assumed as nonlinear. When modelling a nonlinear material, a curve showing the
relationship between stresses and strains is required. In the absence of such a curve, for
both subgrade materials, available literature is used to develop two curves, showing the
relationship between stresses and strains, to represent the two subgrade materials. The
development of those curves is discussed in detail in Section 3.6. After modelling the
pavement section, the load and pavement materials, the analysis is carried out using the
general purpose finite element computer package ABAQUS/Standard. Since an analysis
with millions of cycles of loading would need an enormous amount of computer time, the
analysis is carried out in stages to save computer time. When carrying out an analysis in
stages, the responses such as stresses, strains and displacements remain in the structure due
to the applied loading of a previous analysis, are required as an initial condition. The
responses remaining after an analysis are called residual stresses, residual strains and
permanent deformations. Although various types of initial conditions could be included in
the input file for analysis with ABAQUS/Standard computer package, only stresses (or
residual stresses) can be used for a pavement model, which consists of granular materials
and soils.
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Therefore, residual stresses (as normal stresses and shear stresses) are applied as initial
conditions to all elements of nonlinear subgrade in the pavement model before each stage
of the analysis. In order to estimate the residual stresses as initial conditions for each stage
of the analysis, a relationship between stresses and number of cycles of load applications is
required. In the absence of such curves for both subgrade materials, the results available
from a repeated load triaxial test are used to establish the relationship between residual
strain (permanent strain) and number of cycles of load applications (number of stress
cycles). The development of curves of permanent strain versus number of stress cycles is
discussed in Section 4.4 of Chapter 4. The developed curves of stress versus strain are used
together with developed curves of permanent strain versus number of stress cycles to
estimate the residual stresses required as initial conditions for each stage of the analysis.
The method of estimation of those residual stresses used as initial conditions for each stage
of the analysis for two subgrade materials of two selected pavement structures, where ALF
testing have been carried out, is discussed in Section 4.4 of Chapter 4. The boundary
conditions of the pavement model are to be defined during the finite element analysis. The
details of boundary conditions applied to the pavement model in this study are given in
Section 4.3 of Chapter 4. The modelled pavement with modelled linear and nonlinear
materials as well as with initial conditions and boundary conditions is subjected to a cyclic
loading during the analysis.

A detailed description of the analysis is given in Chapter 4. The deformations
(displacements) at critical points are recorded at the end of each stage of the analysis. Each
stage of the analysis is limited to 50 cycles of load applications. The deformation at a
critical point on the surface calculated at the end of each stage is related to the total number
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of cycles of load applications, applied on the pavement. The calculated deformations are
plotted against the total number of cycles of load applications in log-log scale. The
calculated deformations are matched with the measured deformations, by plotting the
deformations measured during the ALF study, in the same graph. The calculated
deformations are found to be in agreement with measured deformations for both ALF sites
and the details are given in Chapter 5.

The agreement between a calculated deformation and a measured deformation
corresponding to a similar number of load applications on the pavement surface shows that
the method used to model the nonlinear subgrade subjected to a cyclic loading is suitable
for modelling the nonlinearity of the subgrade of a pavement. This concludes that in
modelling the nonlinear subgrade, a stress versus strain curve as well as a curve of
permanent strain versus number of cycles of load applications is required. The two curves
developed and used in modelling a nonlinear subgrade subjected to a cyclic loading are
found to be useful and satisfactory for modelling. Therefore, this method is adopted to
develop a design chart for granular base pavements with nonlinear subgrades. The method
adopted in the development of this design chart is explained in the following section.

Two pavement sections consisting of a granular base and a thin asphalt surfacing and a
subgrade are modelled as finite element models. The material properties of the granular
base and the asphalt surface of the two pavement sections are assumed as high quality
materials used in a normal road construction site. However, the subgrade material of two
pavement sections are considered as similar to two subgrade materials available at two ALF
sites selected in this study. The modelling of these two pavement sections is discussed in
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Section 3.4. The loading on these pavements with a granular base is the Standard Axle load.
The modelling of the cumulative number of Standard Axle loads as a cyclic loading is
discussed in Section 3.5. The modelling of granular base material and asphalt as linear
elastic materials, is discussed in Section 3.6. The developed curves of stress versus strain
and permanent strain versus number of cycles of load applications are used in modelling the
nonlinear subgrades which are subjected to cyclic loading. Initially, the thickness of the
granular base is considered as 350mm. The analysis is carried out in stages for each
pavement and the results are given in Chapter 5. The calculated deformations are plotted
against the total number of cycles of standard load applications in log-log scale. The curve
is extended until the deformation is equal to 25mm. The allowable deformation (rut depth)
before a pavement requires rehabilitation, resurfacing, or restrengthening is considered as
25mm (Croney, 1977 and AUSTROADS, 2004). The number of load applications
corresponding to a maximum deformation of 25mm is assumed as the allowable number of
ESA’s (Equivalent Standard Axles) on the road pavement during the design life.

The thickness of the granular base in each granular pavement is changed to 450mm,
550mm, 650mm and 750mm, and analysis is repeated. All analyses are carried out in stages
as done before. The calculated deformations from each stage of the analysis are plotted
against their corresponding number of cycles of load applications in log-log scale. All
curves are extended until deformation is equal to 25mm. The allowable number of ESA’s
on the road pavement during the design life of a granular pavement having a base thickness
of 350mm, 450mm, 550mm, 650mm and 750mm are estimated in this manner. The base
thicknesses of the granular pavement are plotted against the allowable number of ESA’s
and presented as the design curve in this study. Since, two granular pavements with two
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different subgrade materials are considered in this study, two design curves are produced
and the details are given in Chapter 5.

3.4

MODELLING OF PAVEMENT SECTION AS A FINITE ELEMENT
MODEL

In this section modelling of a pavement section as a finite element model is discussed in
detail. As stated in Section 3.3, two sites where ALF trials have been carried out are
selected for this study. The two sites are:
•

Site No. 5 (experimental site No. 3) of Callington ALF trial (Kadar, 1991)

•

Site C (experimental site No. 3) of Beerburrum ALF trial (Vuong et al.,1996)

Two special reasons for selecting above indicated experimental sites are:
•

pavement structures at both sites consist of several granular layers above the
subgrade; and

•

the surface layer at the Callington site is a thin asphalt surfacing whereas that at
Beerburrum is a thin bituminous surfacing (spray chip seal with a double seal coat).

It is important to note that the experimental sites with pavement structures which consist of
modified materials (cement or lime stabilised), cemented materials, thick bituminous
layers, and geotextiles or geofabrics have not been considered in this study. Since the
pavement structures at both sites were specially designed and constructed for carrying out
ALF testing, it is assumed that, both pavements are constructed with adequate drainage.
The ALF testing at both sites have been carried out in a fairly dry season according to
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Kadar (1991) and Vuong et al. (1996). Therefore, it is assumed that the migration of fine
particles from lower layers to the upper layers due to moisture movements such as capillary
action or fluctuations in water table has not occurred at both sites during the ALF testing.

The ARRB has carried out ALF trials in Callington, South Australia, during 1988-1989
(Kadar, 1991). A map showing the location of the site (where ALF trial has been carried
out), the test strip layout and the experimental locations are given in Appendix A. The Site
No. 5 (experimental site No. 3) is approximately located between the chainages 4670m and
4690m as shown in Figure A.2. All test pavements have been constructed in the left lane
(outer lane) which is mostly used by heavy commercial vehicles. The Standard Axle
consists of two pairs of dual wheels and the distance between the two pairs of dual wheels
is 1.8m (AUSTROADS, 2004). If all drivers manoeuvre their vehicles in the centre of the
lane, there will be two strips of road surface, which are approximately 2.0m apart and they
are called outer wheel path (OWP) and inner wheel path (IWP).
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At Site No. 5, the testing has been carried out in outer wheel path (OWP). The pavement
sections under OWP and IWP are subjected to high stresses, strains and deflections. During
ALF trafficking, the load was applied over a length of 12m. It is assumed that, the
pavement layers within that 12m strip are homogeneous, and their material properties are
identically the same in every part of the layer. Therefore, a pavement section (pavement
block) is selected for modelling, such that it is lying within the 12m strip in OWP. The ALF
load is applied via a dual wheel assembly (Kadar 1991). It is assumed that, the load is
shared by the two wheels equally. A pavement block having dimensions 3m × 3m × 3m is
considered for the analysis, such that the centre of the top surface of the block coincides
with the mid point between the two wheels, as shown in Figure 3.1.

The two axes of symmetry according to the Figure 3.1 are X-X and Y-Y. Therefore, only a
quarter of the pavement block (pavement under half wheel load) is selected for modelling
in this study, as a finite element model. The use of a quarter symmetric block was
supported by Cho et al. (1996). Prior to the selection of a computer code for modelling, the
quarter symmetric block is modelled using two finite element computer codes NASTRAN
and ABAQUS/Standard (1998). A linear analysis is carried out with those two computer
codes, considering all materials as linear elastic. The results of those analyses have shown
that the computed deformations with ABAQUS/Standard were higher than that computed
with NASTRAN and those values are fairly close to the field measured values (Hadi and
Bodhinayake, 1999). Therefore, the general purpose finite element computer code
ABAQUS/Standard (1998) is selected for modelling as well as the analysis of this study.
The dimensions of that finite element model are 1.5m × 1.5m in the horizontal directions
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and 3.0m in the vertical direction. The ALF load used in Site No. 5 Callington is 80kN.
Therefore, the load on one wheel is 40kN and the load on the modelled pavement is 20kN.
The contact area between the road surface and tyre has been considered as consists of a
rectangle and two semi-circles on opposite sides by PCA (1966), Huang (1993) and
Siddharthan et al. (2002). This area of rectangle with two semi-circles was represented by
an equivalent rectangle by PCA (1984), Huang (1993) and Siddharthan et al. (2002). The
contact area between the road surface and tyre is represented by an equivalent rectangle in
this study, and this is discussed in detail in Section 3.5. The dimensions of the equivalent
rectangle used for Callington ALF Trial Site No.5 are 0.198m in the X-direction and
0.288m in the Y-direction respectively. One half of that rectangle having dimensions of
0.198m in the X-direction and 0.144m in the Y-direction is considered as the loaded area
on the pavement model. The pavement model is shown in Figure 3.2.
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The type of element selected depends on the shape of the model and the required degree of
accuracy. Since the pavement model is a square prism, brick elements are used in the
modelling. There are three types of brick elements available with ABAQUS/Standard for
modelling such as 8 node element, 20 node element and 27 node element. The 27 node
element with reduced integration is selected for this study as explained in Section 4.3 of
Chapter 4, for greater accuracy and reduced computing time. The use of 27 node element
with reduced integration has produced accurate results than 20 node element (Bodhinayake
and Hadi, 2000). A description of various types of elements available for modelling with
ABAQUS/Standard and their usage are also discussed in Section 4.3 of Chapter 4.

Due to the orientation of the X, Y and Z axes, the node numbering is started from the
bottom plane (O'P'B'Q' in Figure 3.2) of the pavement model. The command *NODE is
used in the input file to submit co-ordinates of a node (point) for ABAQUS/Standard
computer package. The command *NGEN is used to generate new nodes in between two
nodes, and the command *NFILL is used to generate new nodes in between two lines of
nodes. Therefore, by using the commands *NODE, *NGEN and *NFILL, 285 nodes are
created in the O'P'B'Q' plane of the model, and this plane is termed as Layer 1 (in nodes
terminology it is the 1000 level). The details are given in Appendix C (The sample input
file).

The Layer 1 (bottom plane) is the X-Y plane of the model. This Layer 1 is copied to form
new layers at given distances in the Z-direction, using the command *NCOPY. The
distances given in the Z-direction depend on the thicknesses of pavement layers. The
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command *NFILL is used to generate nodes in between two layers. A total number of 33
layers are created in this manner and the total number of nodes created is 9405 (33 × 285).

At Site No. 5 Callington ALF trial, the existing cracked asphalt surface and granular base
course have been removed and replaced with new asphalt layer to a depth of 100mm. The
100mm thick asphalt layer consists of 45mm of AC14 (conventional 14mm dense mix with
C170 binder), and 55mm of AC20 (conventional 20mm dense mix with C170 binder). The
other pavement layers at this site are base, subbase, fill and rock fill. The pavement
configuration shown in Figure 3.3 is considered in this study by combining the measured
layer thicknesses given in Kadar (1991) and test log pit details given in Statton and Evans
(1989).

When the *NCOPY command is used to create new layers the distances between
consecutive layers are adjusted to suit the pavement layer thicknesses as shown in Figure
3.3. The details are given in Appendix C (The sample input file).

After creating the 9405 nodes as described above, the next step is to create elements. The
element No 1 is the first element generated, and it is in the subgrade, and it starts from the
origin. The 27 nodes required to form the element No 1 are submitted according to the
order given in ABAQUS/Standard User’s Manual (1998), with the command *ELEMENT
and the details are given in the sample input file (Appendix C). After generating element
No 1 in subgrade, the command *ELGEN is used to create seven elements in the X-
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direction, nine elements in the Y-direction, and five elements in the Z-direction. A total of
315 elements form the subgrade in the model.

45 mm AC14
55 mm AC20
85 mm Base

230 mm Subbase

175 mm Fill

370 mm Rock Fill

Infinite Subgrade

Figure 3.3 Pavement configuration at Site No 5 Callington ALF trial.

Similarly, using the two commands *ELEMENT & *ELGEN, 189 elements are created to
form the rock fill layer, 126 elements are created to form the fill layer, 189 elements are
created to form the subbase layer, 63 elements are created to form the base layer, 63
elements are created to form the AC20 asphalt layer and 63 elements are created to form
the AC14 asphalt layer. The total number of elements in the finite element model is 1008.

The loaded area in this finite element model is divided into four sections and they form the
top surfaces of four elements in the surface layer. The aspect ratio (long side/short side) of
those four elements as well as the elements near the loaded area is maintained at 1 to 1.5.
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Cho et al. (1996) have indicated that fairly accurate results could be obtained by providing
a finer mesh near the vicinity of the applied load. They further emphasised that, by
maintaining the aspect ratio between 1 and 1.5 for those elements near the loaded area
would provide a finer mesh. Therefore, quarter symmetric three dimensional model with
9405 nodes and 1008 elements is considered as an acceptable model for all analyses in this
study, such that it would provide fairly accurate results in less computer time. Furthermore,
the disc memory space and the valuable computer time available for each analysis is taken
into consideration when selecting the number of elements in the model. However, prior to
the selection of three dimensional model with 9405 nodes and 1008 elements as an
acceptable model, a linear analysis is carried out with models consist of different number of
nodes and elements. In this linear analysis, the types of elements used are 20 node and 27
node elements. From this linear analysis, it is revealed that the quarter symmetric three
dimensional model, with 9405 nodes and 1008 elements modelled using 27 node elements
with reduced integration, would produce accurate results in less computer time
(Bodhinayake and Hadi, 2000).

The number of nodes (9405 nodes) and the number of elements (1008) in the finite element
model are maintained as same for other pavement models, representing the Beerburrum
ALF trial Site C and the granular base pavement structure. The length, width and height of
elements are adjusted to suit the layer configuration in pavement structure and the loaded
area. The finite element model with 1008 elements, which represents the Callington ALF
trial Site No. 5 is shown in Figure 3.4.
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Figure 3.4

Finite Element Model generated in ABAQUS/Standard

The modelling of the selected pavement block at Site C (experimental Site No. 3) of
Beerburrum ALF trial site is discussed here. The ARRB has carried out ALF trials in
Beerburrum, Queensland in 1992 (Vuong et al., 1996). The location of the site where ALF
trial has been carried out and the details of test strip layout as well as the experimental
locations are given in Appendix B. The site C (experimental Site No. 3) is located
approximately between the chainages 430m and 450m, as shown in Figure B.2.

At Site C Beerburrum ALF trial, the previous pavement layers had been removed, before
the construction of new pavement. The top 300mm of subgrade has been reworked to
provide a uniform layer above the natural silty clay/sand subgrade. The reworking increases
the density and the elastic modulus of the subgrade material. A red silty clay layer to a
depth of 500mm has been placed on top of the subgrade. This clay layer is considered as
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the subbase. The base layer consists of high quality sandstone and the layer thickness is
125mm. The surface consists of double seal coat and sprayed chip seal of 10mm aggregate.

25mm Surface
125mm Base

500mm Subbase

Infinite Subgrade

Figure 3.5

Pavement Configuration at Site C Beerburrum ALF Trial

The thickness of the surface is assumed as 25mm in this study. The pavement configuration
at Site C, Beerburrum ALF trial is shown in Figure 3.5 (Vuong et al., 1996).

As done for the Callington ALF trial Site No. 5, a pavement block with dimensions 1.5m ×
1.5m in the X & Y directions and 3.0m in the Z-direction is selected for modelling. The
selected pavement block is subjected to half wheel load. The ALF load used at this site was
40kN. Therefore, the load on one wheel is 20kN and the load on the modelled pavement is
10kN. The contact area between the road surface and tyre is represented by an equivalent
rectangle as discussed in Section 3.5. The dimensions of that equivalent rectangle are
0.140m in the X-direction and 0.204m in the Y-direction respectively. One half of that
rectangle having dimensions of 0.140m in the X-direction and 0.102m in the Y-direction is
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considered as the loaded area in this pavement model. This pavement block having
dimensions 1.5m × 1.5m × 3.0m in the X, Y and Z directions, is modelled as a finite
element model using the ABAQUS/Standard computer package. The finite element model
consists of 9405 nodes and 1008 elements. There are 441 elements to represent the
subgrade, 315 elements to represent subbase layer, 189 elements to represent the base layer
and 63 elements to represent the surface layer (Appendix D – Sample input file).

After modelling two pavement models to represent Callington ALF trial Site No. 5 and
Beerburrum ALF trial Site C, the next step is to model a pavement structure widely used in
Australia. A flexible pavement with a granular base and a thin bituminous surfacing is the
most widely used type of pavement structure.

The traffic movement on these pavements during the design life is expressed in equivalent
standard axles (ESA’s). The Standard Axle consists of two pairs of dual wheels connected
by a single axle. The contact stress or tyre pressure is 750kPa and the total load is 80kN.
Furthermore, the load is represented by four circular areas with a radius of 92.1mm
separated centre-to-centre 330mm, 1470mm and 330mm (AUSTROADS Guide, 2004) as
shown in Figure 3.6. Since the brick elements are selected for modelling of the pavement
model, the contact area between tyre and road surface is considered as an equivalent
rectangle in this study. Therefore, the contact circular area with a radius 92.10mm is
converted to an equivalent rectangle and its dimensions are 0.135m in X direction and
0.196m in Y direction and this is discussed in detail in Section 3.5.
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330mm

Figure 3.6

1470mm

330mm

Representation of Standard Axle

As shown in Figure 3.1, when the load due to dual wheels is placed in the middle of the
rectangle with dimensions 3.0m × 3.0m, it was assumed that the stresses and strains at
points approximately 1.5m away from the load (at the boundaries of the model) can be
considered as negligible. This was further verified by carrying out an analysis with a single
application of load, to determine the stresses and strains at critical points as well as points
furthest away from the load. The results are discussed in Section 5.2 of Chapter 5 and the
results are given in cali.dat output file in the CD attached to the thesis. The two pairs of
dual wheels are 1.470m apart, and it is assumed that the load on one pair of dual wheels
will not induce considerably high stresses and strains in the pavement under the other pair
of dual wheels. Therefore pavement under one pair of dual wheels (half of Standard Axle)
is considered in this study. Due to the two axes of symmetry under the dual wheels, a
pavement block under half of the wheel load, having dimensions 1.5m × 1.5m in X and Y
directions and 3.0m in Z-direction is considered for modelling. The loaded area on this
model is half of the equivalent rectangle representing the contact area between tyre and
road surface and the dimensions of the loaded area are 0.135m in the X-direction and
0.098m in the Y-direction.
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The pavement configuration of this granular base pavement is shown in Figure 3.7. It
consists of a thin bituminous surfacing (50mm thick asphalt with 14mm aggregate and
C170 binder), a granular base with good quality granular material and a subgrade.

50mm Asphalt
350mm-750mm
Granular base

Infinite Subgrade

Figure 3.7

Pavement Configuration of Granular Base Pavement

The selected pavement block with dimensions 1.5m × 1.5m in X and Y directions and 3.0m
in the Z direction is modelled as a finite element model, as done for the Site No. 5 of
Callington ALF trial and Site C of Beerburrum ALF trial, with 33 layers, 9405 nodes and
1008 elements. In the finite element model, Layer 1 to Layer 19 is considered as the
subgrade, Layer 19 to Layer 29 is considered as the base and Layer 29 to Layer 33 is
considered as the surface. The thickness of the base is first assumed as 350mm and later
changed to 450mm, 550mm, 650mm and 750mm respectively. The distances between
consecutive layers from Layer 1 to Layer 29 in the finite element model are adjusted so that
the thickness of granular base could be changed to 350mm, 450mm, 550mm, 650mm and
750mm, while maintaining the total height of the model as 3.0m. The distance between
Layer 29 and Layer 33 in the finite model is maintained as 0.050m to represent the asphalt
surface thickness of 50mm (Appendix E – sample input file). The subgrade material of this
granular base pavement is considered as similar to subgrade material at Site No. 5 of
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Callington ALF trial firstly and later considered as similar to subgrade material at Site C of
Beerburrum ALF trial. Therefore, a total of ten pavement models with granular base are
created to represent five base thicknesses and two types of subgrades.

3.5

MODELLING OF LOAD

The load applied on the pavement sections at Site No. 5 of Callington ALF trial and Site C
of Beerburrum ALF trial is the ALF load. The load is applied via the dual wheel assembly
of ALF. ALF applies full-scale rolling wheel loads to a test pavement 12m long at a
constant speed of 20 km/h (Vuong et. al., 1996). The load is applied in one direction only,
with the wheel lifted off the pavement at the end of the cycle and supported by the
mainframe on its return. ALF has the capacity to apply 380 load cycles per hour
approximately. A schematic diagram of ALF is shown in Figure 3.8. A picture of ALF is
shown in Figure A.3 of Appendix A.

Figure 3.8

Schematic diagram of ALF (Vuong et al., 1996)
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The load applied via the dual wheel assembly can be varied from 20kN–100kN (Kadar,
1991). The load applied at Site No.5 of Callington ALF Trial was 80kN while at Site C of
Beerburrum ALF Trial it was 40kN. The tyre pressure was maintained as 700kPa for both
ALF sites.

The shape of contact area between the tyre and the road surface can be represented by a
rectangle with two semi-circles on opposite sides as discussed in Section 2.3.2 of Chapter 2
and shown in Figure 2.1. This shape is further reduced to an equivalent rectangle having an
area of 0.5227L2, as discussed in Section 2.3.2 of Chapter 2 (PCA, 1984 and Huang, 1993)
and shown in Figure 3.9.

0.5227L2

0.6L

0.8712L

Figure 3.9

Equivalent contact area between tyre and road surface

The contact area is equal to the load on one wheel divided by the tyre pressure. Therefore at
Site No. 5 of Callington ALF trial, the contact area is equal to 0.05714m2 (A =
40kN/700kPa). Since L = 0.330m {L = √[0.05714/0.5227]}, the contact area has the
dimensions of 0.288m x 0.198m, as shown in Figure 3.10.

As discussed in Section 3.4, when modelling the pavement as a finite element model, only
a quarter of the selected pavement block is modelled, such that, half of the wheel load is
applied on the finite element model. Therefore, in the finite element model an area having
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dimensions of 0.198m in the X-direction and 0.144 in the Y direction is considered as the
loaded area. During the finite element analysis, this loaded area is subjected to a cyclic
loading.

0.198m

0.288m

Figure 3.10

Equivalent contact area between tyre and road surface for Site No.5 of
Callington ALF trial

As discussed in Section 2.3.2 of Chapter 2, the moving traffic load on pavements can be
expressed as a cyclic loading. The cycle time and the amplitude are the two parameters
required for defining a cyclic load. It is stated in Section 2.3.2 that the stresses transferred
on to the pavement due to moving traffic at or near surface can be represented by a
sinusoidal stress pulse, whereas the shape of that stress pulse becomes triangular at or near
subgrade (Barksdale, 1971). Since this study is more focussed on nonlinear subgrade, the
orientation of the stress pulse is considered as an equivalent triangular pulse, instead of a
sinusoidal stress pulse, when modelling of the load. The amplitude of the stress pulse is
equal to the tyre pressure. The duration of the stress pulse depends on the vehicle speed and
the depth of the point investigated below the pavement surface. Since this study is to
investigate the behaviour of a nonlinear subgrade subjected to a cyclic loading, the depth
from pavement surface to the top of subgrade was taken into consideration when
determining the duration of stress pulse. Generally, the subgrade is at least 500mm or more
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below the surface. According to Barksdale (1971), the duration of the stress pulse
corresponding to a speed of 20km/h and depth of 500mm is 0.5secs. The speed used at both
ALF sites was 20km/h, and the speeds used by vehicles travelling on granular base
pavements can vary between 40km/h to 80km/h. The depth to the subgrade from the
pavement surface varies between 400mm to 960mm in the pavement models considered in
this study. However, this variation in vehicular speed and depth to the subgrade are not
considered at this stage, and the cycle time is taken as 0.5secs when carrying out analysis
for both ALF sites, as well as for pavements with granular bases.

The triangular stress pulse used in computer analysis is shown in Figure 3.11. The
command *AMPLITUDE is used when feeding the data of stress pulse in computer
analysis, and the details are given in sample input files (Appendices C, D and E).

Amplitude

1.0

0

0.25

0.5

Figure 3.11

0.75

1.0

1.25

1.5

time(secs)

The stress pulse used in Computer Analysis

The value of the amplitude is tyre pressure. Since tyre pressure is a distributed load, the
command *DLOAD is used to include the tyre pressure in input file. The tyre pressure is
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applied over the loaded area. The top surfaces of four elements in the surface layer of the
finite element model form the loaded area (sample input files).

The loaded area for Site No. 5, Callington ALF trial has the dimensions of 0.198m in the
X- direction, and 0.144m in the Y-direction. At the beginning of the analysis, the applied
load is zero, when time is 0.25secs, the applied load on loaded area is 700kPa, when time is
0.50secs the applied load on the loaded area is zero. This pattern of loading is continued up
to 25 secs, which means, 50 cycles of load being applied on the loaded area. The
displacements are computed at critical nodes during the analysis, after applying appropriate
number of cycles of load applications determined by the computer package itself depending
on the time increments, and as well as at the end of 50 cycles of load applications. The
results are given in output files in the CD attached to the thesis (Appendix F-sample output
file).
The ALF load used at Site C, Beerburrum ALF trial was 40kN, with a tyre pressure of
700kPa. Therefore, the load on one wheel is 20kN. The equivalent contact area between
tyre and road surface has the dimensions o 0.204m x 0.140m as shown in Figure 3.12.

0.140m

0.204m

Figure 3.12

Equivalent contact area between tyre and road surface for Site C
Beerburrum ALF trial
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As discussed above, half of this area is considered as the loaded area in the finite element
model, since quarter of the pavement block with half wheel load is modelled as the finite
element model. Therefore, the loaded area for Site C, Beerburrum ALF trial has the
dimensions of 0.140m in the X-direction and 0.102m in the Y-direction. This loaded area is
subjected to the stress pulse shown in Figure 3.11, during the analysis.

0.135m

0.196m

Figure 3.13

Equivalent contact area between tyre and road surface for granular base
pavements

The load applied on granular base pavements is considered as Standard Axle loads. The
tyre pressure is 750kPa, and the total load is 80kN. Since the load on one wheel is 20kN,
and the tyre pressure is 750kPa, the equivalent contact area has the dimensions of 0.196m x
0.135m as shown in Figure 3.13.

Therefore, the loaded area on granular base pavements has the dimensions of 0.135m in the
X-direction and 0.098m in Y-direction. This loaded area is subjected to the stress pulse
shown in Figure 3.11 during the analysis.
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3.6

MODELLING OF MATERIALS

In this section modelling of linear elastic and nonlinear materials are discussed. When
modelling a linear elastic material, two parameters required are the modulus of the material
and its Poisson’s ratio. The two commands used are *MATERIAL and *ELASTIC. All
materials except the subgrades in all pavements selected, are considered as linear elastic,
since they are considered as being transported, modified, spread and compacted according
to the specifications prepared by the respective road authorities. The selection of suitable
pavement materials for the construction as well as to achieve targeted strengths of materials
through compaction, AUSTROADS (2004) pavement design guide is used in Australia for
all road works as the main specification. In addition to AUSTROADS (2004) guide,
NAASRA (1976), NAASRA (1980), NAASRA (1982a) NAASRA (1982b) guides are
used. In USA, AASHTO (1993) guide or AASHTO (2002) guide and in European
countries, the report published by European Commission COST-337 (2000), are used.

The method of modelling of a bituminous mix using only the stiffness modulus and the
Poisson’s ratio had been supported by Brown (1973), provided that the thickness of the
bituminous layer is not substantially thick. Therefore, all bituminous layers with
thicknesses less than or equal to 50mm are modelled using their stiffness moduli and
Poisson’s ratios in this study.

The stress dependant nature of granular materials has been studied by several researchers
and they have developed a number of correlations amongst moduli and stresses and this is
already discussed in Section 2.3.3. The anisotropic behaviour of granular materials has
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been studied by Boyce et al. (1976) to a considerable depth. They have further concluded
that the anisotropic nature of granular materials can be ignored if the granular material
consists of small aggregate particles as well as the lateral (cell pressure in a triaxial test)
stresses are low. The particulate nature of granular materials has been studied by Tutumluer
and Barksdale (1998) and they have suggested that this particulate nature of granular
materials can be ignored if the tensile stresses developed at the bottom of each granular
layer are comparatively low. A linear analysis carried out with the modelled pavement
(considering all layers as linear elastic) has indicated that the horizontal (lateral) tensile
stresses developed due to a single load application in granular layers are fairly low
compared to the applied tyre pressure. This linear analysis is discussed in Section 4.4 and
the results are available in the cali.dat output file in the CD attached to the thesis. The stress
dependent nature, the anisotropic nature and the particulate nature of granular materials are
not considered in this study, since the horizontal tensile stresses that would develop in those
materials due to applied tyre pressures are significantly low. Therefore, all granular layers,
other than the subgrade are considered as homogeneous, isotropic and linear elastic in this
study. Furthermore, those granular layers are made by compacting transported materials
according to the specifications outlined by road authorities and those layers are modelled
using their resilient moduli and Poisson’s ratios.

The existing cracked asphalt surface and the granular base course have been removed up to
a depth of 80mm at Site No.5, Callington ALF trial, and replaced with a 100mm thick new
layer (Kadar, 1991). The 100mm thick asphalt layer consists of 45mm thick AC14
(conventional 14mm dense mix with C 170 binder) layer and 55mm thick AC 20
(conventional 20mm dense mix with C 170 binder) layer. The range of moduli specified for
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14mm conventional dense mix with C 170 binder in the AUSTROAD guide is 25004000MPa and that for 20mm conventional dense mix with C 170 binder is 2000-4500MPa.
The stiffness modulus of a bituminous material depends on factors such as gradation of the
aggregate, the percentages of aggregate and the binder in the mix and the percentage of
voids in the mix which is related to the level of compaction used. Therefore, in some
situations, the modulus of 14mm mix may be higher or lower than 20mm mix due to the
wide range in moduli as well as the factors indicated above. However a higher modulus of
2800MPa is assumed for the 14mm mix and a lower value of 2400MPa is assumed for the
20mm mix in this study, in order to maintain an ascending pattern in moduli of pavement
layers from the subgrade to the surface. The Shell nomographs given in the guide are used
to estimate the moduli of asphalts.

The log pit details given in Statton and Evans (1989), and Kadar (1991), are used to
determine the types of materials available in the other layers and their thicknesses.
According to details given in those references (Statton and Evans, 1989 and Kadar, 1991) a
crushed limestone rock forms the 85mm thick base layer, a clayey sand forms the 230mm
thick subbase layer, a calcareous clay sand forms the 175mm thick fill layer, a limestone
quarry rubble forms the 370mm thick rock fill layer, and a siltstone rubble forms the
subgrade. In determining the moduli of unbound materials, the Light Weight Deflectometer
(LWD) developed by Dynatest, was first used in 1998 by the Minnesota Department of
Transportation (2009) at the Minnesota Road Research Project (MnROAD). The LWD is a
light weight portable tool used to determine the stiffness moduli of unbound materials
during the construction of road pavement, by measuring the deflection due to an applied
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load. In determining the moduli of unbound layers, PRIMA100 - LWD (2009) was
employed for recent research work carried out by ARRB.

In the absence of laboratory or field determined moduli values from LWD, the Dynamic
Cone Penetrometer (DCP) values, the sieve analysis and Atterberg limit test results given in
reference (Statton and Evans, 1989), are used together with AUSTROADS(2004) and
AASHTO (1993) guides in estimating the moduli of those materials. Moreover, proper
quality control work has been carried out during the construction of pavement as specified
in NAASRA (1987) by Statton and Evans (1989). Therefore, it is evident that in this
construction process, the maximum dry density was achieved at the optimum moisture
content for each granular layer at site. The results of field density and moisture content
obtained through this quality control process of the progressive construction work are given
in Statton and Evans (1989). Therefore, it is reasonable to assume the typical values of
moduli specified for granular bases and subbases in the NAASRA (1987) and
AUSTROADS (2004). The crushed limestone which forms the base layer is assumed as
high quality limestone, and the modulus is taken as 500MPa. The range of moduli specified
for subbase materials in the AUSTROADS (2004) guide is 150-400MPa. The typical value
specified in the same guide for the modulus of subgrade material is 250MPa. The average
rainfall during the ALF testing at Callington site, South Australia was less than 2mm
(Kadar, 1991). A higher value than the typical value is assumed due to the dry
environmental condition. Therefore, the modulus of clayey sand which forms the subbase
layer is assumed as 300MPa. The modulus of calcareous clay sand which forms the fill
layer is assumed as 72.45MPa, and the modulus of limestone quarry rubble which forms
the rock fill layer is assumed as 62.1MPa. The modulus of siltstone rubble subgrade is
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assumed as 55.2MPa. The results of the linear analysis which is discussed in Section 4.4
has revealed that the computed deformations at different depths of the pavement model are
quite insignificant when compared with the total thickness of the model. The results of the
linear analysis are available in the cali.dat file in the CD attached to the thesis. However,
while the linear analysis is being carried out, a considerable difference between the
computed deformations was noticed when the estimated moduli values (72.45MPa,
62.1MPa and 55.2MPa) are rounded off to two significant values (70MPa, 60MPa and
50MPa) respectively. Therefore, the analysis is carried out with estimated moduli values
rather rounding off to two significant figures. However, when producing the design curves,
later in this thesis, the CBR value of the subgrade is assumed as 5%, although the modulus
of the subgrade is assumed as 55.2MPa. The Poisson’s ratios of all these materials are
assumed as 0.35, because of their low liquid limit values. Once the modulus and the
Poisson’s ratio are determined for each material, each material except subgrade is modelled
using the *MATERIAL and *ELASTIC commands available in the ABAQUS computer
package. Details are given in Appendix C (sample input file).

The subgrade at Site C Beerburrum ALF trial is a natural silty clay/sand mixture. The top
300mm of subgrade has been reworked to provide a uniform dense layer. The CBR of that
material varies between 10%-15% (Vuong et al., 1996). The total thickness of subgrade
layer in the finite element model of this site is 2350mm. Although top 300mm showed a
high CBR value between 10%-15%, a CBR value of 7% is assumed for the whole layer in
this study, considering the low Liquid Limit, Plasticity Index and the silty sand nature of
that subgrade material. The modulus of subgrade material is assumed as 70MPa. The
subbase at this site consists of red silty clay. The Liquid Limit of this material is higher
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than that of subgrade material, and CBR is above 20%. Therefore, it is assumed that, the
subbase consists of high quality subbase material and the modulus is assumed as 250MPa
(AUSTROADS Guide, 2004). The base layer consists of high quality sandstone and the
modulus is assumed as 500MPa (AUSTROADS Guide, 2004). The Poisson’s ratio of
subgrade, subbase and base is considered as equal to 0.35. The wearing surface consists of
a double seal coat composed of 10mm aggregate and a sprayed chip seal, with 10mm
aggregate. The thickness of this layer is considered as 25mm (AUSTROADS Guide, 2004).
If it is assumed that, the hot bitumen sprayed for double seal coat is at the maximum spray
rate, and the sprayed chips is at the maximum rate, then the wearing surface material can be
considered as a bituminous material with high bitumen content, high aggregate content and
a low air volume. According to the Shell nomographs, such a material with high binder
content and high aggregate content can be expected to have a high modulus above
4000MPa; however, the modulus of that material is assumed as 1500MPa, as the thickness
of that surface being 25mm and cannot be considered as a strong material especially in
tension. The Poisson’s ratio of wearing surface material is assumed as 0.4. The wearing
surface, base and subbase are modelled as linear elastic materials using the moduli and
Poisson’s ratios, and the two commands available in the ABAQUS computer package
*MATERIAL and *ELASTIC (Details are given in sample input file Appendix D).

The granular base pavement consists of an asphalt wearing surface, a granular base and a
subgrade. The modulus of asphalt is assumed as 2800MPa, and the Poisson’s ratio is
assumed as 0.4. The granular base is assumed as constructed with high quality crushed
rock, and the modulus is assumed as 500MPa and the Poisson’s ratio as 0.35. The subgrade
is assumed as similar to subgrade of Site No. 5, Callington ALF trial in the first set of
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analyses, and as similar to subgrade of Site C, Beerburrum ALF trial in the second set of
analyses. Therefore, the modulus of subgrade is assumed as 55.2MPa in the first set of
analyses, and 70MPa in later analyses. The Poisson’s ratio of subgrade is assumed as 0.35
in all analyses. The asphalt wearing surface and the granular base are modelled as linear
elastic materials, using their moduli and Poisson’s ratios, and the two commands available
in the ABAQUS computer package *MATERIAL and *ELASTIC. Details are given in
sample input file Appendix E.

There are two models available in the ABAQUS computer package for modelling nonlinear
granular materials. They are Mohr-Coulomb model and Drucker-Prager/Cap model. The
Mohr-Coulomb model is best suited for granular material with low clay content, while
Drucker-Prager/Cap model is suited for materials with high clay content (ABAQUS Theory
Manual, 1998). The Mohr-Coulomb model is selected for this study, since both subgrades
at Site No.5, Callington ALF trial and at Site C, Beerburrum ALF trial consist of silty sand
material with low clay content. Furthermore the use of Mohr-Coulomb failure criterion for
granular materials for a longer period of time, widely used in geotechnical engineering
applications, made the path for the selection of Mohr-Coulomb model. When modelling a
granular material using Mohr-Coulomb model the parameters required are, angle of
friction, and angle of dilation, together with details of a hardening curve. Angle of friction
φ is defined as angle between failure line and X-axis in σ – τ plane where σ is the normal
stress and τ is the shear stress. Further, if the yield behaviour is considered, φ is defined as
the angle between failure line and X-axis, in p – RMCq plane where p is the equivalent
pressure stress, RMC is the Mohr-Coulomb deviatoric stress, and q is the Mises equivalent
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stress (ABAQUS Theory Manual, 1998). The angle of dilation ψ is defined as the angle
between failure line and X-axis in p – RMWq plane (ABAQUS Theory Manual, 1998),
where RMW is the Menétrey-Willam deviatoric stress (Menétrey and Willam, 1995) and p
and q are equivalent pressure stress and Mises equivalent stress respectively. In the absence
of detailed laboratory test results for both subgrade materials at Site No. 5, Callington ALF
trial and Site C, Beerburrum ALF trial, the angle of friction φ is assumed as equal to 15º (a
nominal value) and angle of dilation ψ is assumed as equal to 22º (a nominal value) for
both subgrade materials.

In order to include the required details of a hardening curve in the input files, a stress versus
strain curve is needed for each subgrade material. The results of a tri-axial test or an
unconfined compression test are needed when producing a stress versus strain curve for a
granular material. In the absence of such results of tri-axial or unconfined compression
tests, the available literature is used as a guide, to develop two curves for both subgrade
materials. Firstly the available literature is used to derive equations for relationships
between stresses and strains of selected materials. Then the derived equations are used in an
appropriate manner to develop two stress versus strain curves applicable to those two
subgrade materials. The development of stress versus strain curves for both subgrade
materials is explained below.

The stress versus strain curves plotted for three types of granular material (Hicher, 1988,
Rojas, 1988 and Terzaghi and Peck 1967) are first selected. The clay content of those
materials varies from low to high and their gradation varies from one to the other, although
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these materials are fine-grained. The Liquid Limit of these materials varies from 40% to
75%, while the Plastic Limit varies from 26% to 45%. Some tests were carried out on
undisturbed samples of these materials, while the other tests were carried out on remoulded
samples. The selection of the results of these tests carried out on undisturbed and
remoulded samples allows underpinning environmental conditions such as moisture
change. Undrained triaxial test was carried out on two materials, while the third material
was tested in unconfined compression. Although stress versus strain curves are available
for each material, with different strain rates and different stress rates, the curves plotted
with highest strain rate and highest stress rates are selected, considering the high strain rates
and high stress rates to which the pavement materials are subjected due to high vehicle
speed and heavy vehicle loads.
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Selected stress versus strain curves for the development of stress versus
strain curves for subgrade materials at two ALF sites
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The selected three curves are plotted as Curve 1 (Hicher, 1988), Curve 2 (Rojas, 1988) and
Curve 3 (Terzaghi and Peck, 1967), as shown in Figure 3.14. All three curves show an
elastic region, a plastic (nonlinear) region and a strain hardening region.

Hook’s law was applied for stress-strain relationships within the elastic region.
σ = Eε

3.1

where,
σ = axial stress
ε = axial strain
E = modulus of the material

For stress-strain relationships within the plastic region an equation similar to Equation 3.1,
but consists of an elastic component and a nonlinear component is developed and used.
σ = Eε 0 + [E (ε - ε 0 )] 1
n

3.2

where,
σ = axial stress
ε = axial strain
ε0= the strain at which the yield stress occurs
E = modulus of the material
n1= a material constant
In Equation 3.2, Eε0 is the yield stress of the material. The modulus of the material is
assumed as a constant in this study for the whole layer, since the stress dependency of
modulus is not considered for granular materials as stated above in this chapter.
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It was found that, when Equation 3.2 is applied to the plastic regions of three curves shown
in Figure 3.14, the value of ε0 varies from 0.1% to 0.5%, and n1 varies from 0.7 to 0.8.

The stress-strain relationships within the strain hardening region are expressed using an
equation as shown below (Equation 3.3) which is similar to Equations 3.1 and 3.2. This
developed equation consists of an elastic component, nonlinear component and a strain
hardening component.
σ = Eε 0 + [E (ε 1 - ε 0 )] 1 + [E (ε - ε 1 )]
n

n2

3.3

where,
σ = axial stress
ε = axial strain
ε0= the strain at which the yield stress occurs
ε1= the strain at which the material starts strain hardening
E = modulus of the material
n1= a material constant
n2= a material constant

It was found that, when Equation 3.3 is applied to the strain hardening regions of three
curves shown in Figure 3.14, the value of ε1 varies from 1.2% to 3%, and n2 varies from
0.45 to 0.67.

The moduli of three materials are in the range of 5MPa to 30MPa. The modulus of the
subgrade material at Site No. 5, Callington ALF trial is assumed as 55.2MPa and the
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modulus of the subgrade material at Site C, Beerburrum ALF trial is assumed as 70MPa.
The three curves show that, when the modulus increases, the values of ε0, ε1, n1 and n2
decrease. Therefore, for the subgrade materials, with higher modulus, lower values of ε0, n1
and n2 are assumed, while for ε1, a slightly higher value is assumed, so that, the developed
curves fall within the range of three curves shown in Figure 3.14 as well as the developed
curves would consist of a broader plastic region.
The assumed values are given below:
ε0= 0.05%
ε1= 3.50%
n1= 0.60
n2= 0.37
The developed two curves are shown in Figure 3.15. The elastic region of the curve is
submitted with *ELASTIC command together with modulus and Poisson’s ratio of the
material, when submitting the details of stress versus strain of a material, for finite element
analysis. When submitting the details of plastic region, the true stresses and plastic strains
are needed.
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The total strains are converted to plastic strains as indicated in ABAQUS user’s manual
(1998). The calculated true stresses and plastic strains are given in Appendix C and
Appendix D (sample input files).

3.7

SUMMARY OF CHAPTER 3

The objectives of this study are described in detail in this chapter. The nonlinear behaviour
of subgrade has been emphasised when a pavement is subjected to cyclic loading. Thus this
nonlinearity of subgrade is incorporated into the pavement design method. The
methodology adopted to accomplish the said objectives is discussed in Section 3.3. In that
method two pavement sections where testing has been carried out with a cyclic loading are
selected and modelled as finite element models. The loading on those pavement sections is
modelled as a cyclic loading, and the materials except subgrade are modelled as linear
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elastic. The two subgrade materials are assumed as nonlinear. In modelling the nonlinear
subgrade two curves of stress versus strain are used. The details of this modelling
procedure are explained in Sections 3.4, 3.5 and 3.6.

When a nonlinear material is subjected to a cyclic loading, residual responses (residual
strains and permanent deformations) corresponding to the applied number of cycles of load
applications will remain in the material. The residual responses remain in the material at the
end of a particular stage of the analysis are considered as initial conditions for the following
stage of the analysis. In order to estimate these residual responses, relationships between
these responses and number of cycles of load applications are required. Out of the three
residual responses the permanent strains are considered in this study and curves of
permanent strain versus number of load applications (number stress cycles) are developed.
This development is discussed in Section 4.4 of Chapter 4.

The modelled pavement with modelled linear and nonlinear materials is subjected to a
cyclic loading during the analysis. This analysis is fully discussed in Chapter 4. The
analysis is carried out in stages to save computer time. The displacements (deformations)
calculated at a critical point at the end of each stage are plotted against the number of
cycles of load applications. The calculated displacements are matched with the field
measured deformations and they are found to be in agreement. The agreement between the
calculated deformations and the field measured deformations proved that the developed
curves of stress versus strain and permanent strain versus number of stress cycles used for
modelling nonlinear subgrades are found to be satisfactory. Thereafter, granular base
pavement sections including those nonlinear subgrades are modelled and subjected to
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cyclic loading (Standard Axle loads) during the analysis. The calculated deformations are
plotted against the number of Standard Axle Repetitions (SAR's) or number of Equivalent
Standard Axles (ESA's), and that plot is used to estimate the number of ESA's require for a
25mm deformation.

Using the granular base thickness and the estimated number of ESA's required to produce a
25mm deformation (rut depth), two design curves are produced and presented as the design
chart. This design chart is illustrated in Chapter 5.
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CHAPTER 4

ANALYSIS OF A PAVEMENT MODEL
WITH NONLINEAR MATERIALS
UNDER CYCLIC LOADING

4.1

INTRODUCTION

In Chapter 3, the modelling of two pavement structures (where ALF testing has been
carried out) as well as the modelling of ten granular base pavements (selected to develop
design charts for flexible pavements) as finite element models are discussed. The modelling
of the applied loading on each pavement structure and the modelling of pavement materials
in each pavement structure are also discussed in Chapter 3. These pavement models with
their modelled pavement materials are subjected to the modelled loading during the finite
element analysis. Since the applied loading on each pavement structure is modelled as a
cyclic loading, the analysis is carried out in stages, as stated in Chapter 3.

A detailed description of the above indicated analysis is presented in this chapter. The
chosen method of analysis is described in Section 4.2. The boundary conditions applied to
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each pavement model are discussed in Section 4.3. The analysis using ABAQUS/Standard,
a general purpose finite element computer package is explained in Section 4.4.

4.2

THE TYPE OF ANALYSIS AND THE METHOD OF SOLUTION

It is evident that the present trend in solving most of the engineering problems numerically
is based on finite element method. In this method of analysis, a complex region of the
structure is selected as a continuum and it is discretised into simple geometric shapes
known as finite elements. The material properties and their behaviour under external forces
such as concentrated loads, distributed loads, temperature variation and variation in
moisture condition, which are applicable for that continuum, are considered as same for
those finite elements. Furthermore, the status of the corners of the finite elements (nodal
points) are considered as either free to move and rotate or restrained from moving and
rotating. When this assembly of elements with governing relationships for material
properties and with specified degrees of freedom at corners of elements is subjected to the
applied loading, stresses and strains will be induced in the elements and displacements will
occur at the corners (nodes) of these finite elements.

In the analysis of this assembly of finite elements, a set of equations is created considering
the relationships between strains and displacements (and rotations if applicable) and also
relationships between stresses and strains. By solving this set of equations, the
displacements and rotations at corners (nodes) as well as the stresses and strains induced in
the elements are determined. These computed stresses, strains, displacements and rotations
(if any), would enable the engineer to study the behaviour such as deformation, distortion,
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buckling or failure of a selected continuum (assembly of elements) under applied loading.
These findings would also allow the engineer to forecast the design life of a real
engineering structure that has been investigated. Furthermore, this investigation also
enables the engineer to assess whether the stresses and strains induced and the
displacements and rotations which occur at the critical locations in a real structure are not
beyond the specified permissible values.

In this study the pavement structure is considered as the engineering structure. In Chapter 2,
it was indicated that a three dimensional model would yield accurate results, if the
pavement structure was modelled as a three dimensional model when multiple wheel loads
are considered (Cho et al., 1996). Furthermore, Cho et al. (1996) also indicated that a
quarter symmetric model with quadratic elements and reduced integration would yield
fairly accurate results with less computer time. Therefore, a quarter symmetric model with
27 node quadratic elements and reduced integration is selected in this study. The reason for
selecting 27 node quadratic elements (brick) with reduced integration is further explained in
Section 4.3. This quarter symmetric model is used to model two pavement sections where
ALF testing has been carried out and then to model ten granular base pavement sections
which are selected for the development of design charts for the flexible pavements, and
presented in Section 3.4 of Chapter 3. In three dimensional brick elements only three
degrees of freedom are allowed at nodes according to the assumptions involved in the
theory (ABAQUS –Theory Manual, 1998) and they are the displacements in the directions
of X, Y and Z axes. The rotations about X, Y and Z axes are restricted for three
dimensional brick elements.
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In the preparation for the finite element analysis, it is necessary to formulate the required
set of equations applicable for a given analysis. In those equations the following are
expressed in matrix form:
•

the relationships between strains and displacements at nodes that would occur due
to external forces (strain-displacement matrix);

•

the relationships between stresses and strains generated in all elements due to the
external forces (material matrix); and

•

the relationships between displacements and applied loads (stiffness matrix).

In the formulation of expressions in the matrix form (designated as strain-displacement
matrix, material matrix and stiffness matrix) the parameters related to the shape, material
properties of the elements and the behaviour of the elements due to applied loads are
considered. Furthermore, the co-ordinates of the nodal points and the orientation of
elements, the material properties such as modulus, Poisson’s ratio and other material
constants (used in the nonlinear equations) as well as the factors influencing the
displacements at the nodal points of elements due to the applied loading have to be
considered when parametric matrices are developed.

The submission of information, to formulate the matrix parameters relevant to the shape
and material properties of the elements of the model, to the input file of ABAQUS/Standard
is already discussed in Sections 3.4 and 3.6 of Chapter 3, under the headings of modelling
of pavement section as a finite element model and modelling of materials respectively.
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To formulate the matrix parameters applicable to the displacements at nodal points of the
elements of the pavement structure, it is necessary to examine the structural behaviour of
the pavement model due to applied loading. Generally road pavements are subjected to
loads transferred from moving and stationary vehicles. The horizontal forces due to friction
and application of brakes are not considered in this study.

Huang (2004) has indicated that, by designing proper suspension systems for large and
heavy trucks, the damage caused by that vehicular movement on the pavement structures
could be minimised. Therefore, the inertia effects on pavement structures due to the moving
loads can be neglected (Huang, 2004). Moreover, the computer programs such as BISAR
(De Jong et al., 1973), DAMA (Shook et al., 1982), ELSYM5 (Kopperman et al., 1986),
CIRCLY (Wardle, 1977), ILLI-PAVE (Raad and Figueroa, 1980) and MICH-PAVE
(Harichandran et al., 1990) which were developed for pavement design have neglected
inertia effects due to moving loads. In view of the above reasons, the inertia effects caused
by moving loads are neglected in this study. Therefore, instead of dynamic analysis, static
analysis is considered in this study.

The command *STATIC is introduced into the input files to specify the type of analysis
that has to be carried out by ABAQUS/Standard (sample input files are included in
Appendices C, D and E). In a static analysis, the load could be changed from one
magnitude to another in gradual increments or in gradual reductions. The modelling of load
as a cyclic loading is discussed in Section 3.5 of Chapter 3, and in that process a cyclic
triangular variation is considered. Although, the applied load has a linear cyclic variation,
the displacements due to the applied loads may not necessarily be linear. It is important to
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note that these displacements depend on the dimensions of finite elements and their
material properties as well. Therefore, when formulating the stiffness matrix the
dimensions of elements, the material properties and the effectiveness of the applied loading
have to be considered.

Once the formulation of a set of equations applicable to finite element model is determined,
it is important to discuss the method adopted to solve these equations.

The elementary forms of equations in finite element theory have been developed by
considering an element having a volume of dV and its sides as dx, dy and dz. These
elementary forms of equations are found to be partial differential equations. To obtain a set
of partial differential equations in the matrix form applicable to a structure, this elementary
form of equations could be summed up mathematically by considering that the structure is
constituted of finite elements which are combined together in an orderly manner.

The solutions of these partial differential equations would produce an exact solution to the
engineering problem. However, such an exact solution is possible only for simple
geometries, loading conditions and also if the materials are linear elastic. When the number
of equations to be solved is increased due to the complex geometries, complex loading
conditions and nonlinearity in materials, the finding of an exact solution would lead to
more computer time. Therefore, almost all finite element computer packages are developed
to find an approximate solution to a given problem rather than an exact solution.
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The principle of minimum potential energy has been applied to solve the set of partial
differential equations in the Rayleigh–Ritz method to find an approximate solution
(Chandrupatla and Belegundu, 2002). The total potential energy of an elastic body is
defined as the summation of total strain energy and work potential embedded in that body.
The strain energy of the body is a function of stresses and strains. Strain is a function of
displacement. The work potential is the work done by externally applied forces and
pressures and also the weight of the body itself. The work potential is a function of
displacement as well. Therefore, the total potential energy becomes a function of
displacement. The derivatives of potential energy with respect to the displacements are
equated to zero in the Rayleigh–Ritz method, which uses the principle of minimum
potential energy and a set of equations are formed. The solution of this set of equations
would determine the displacements at nodal points provided that the correct boundary
conditions are taken into consideration.

Another method of determining the displacements at nodal points is Galerkin’s method and
it is based on principle of virtual work (Chandrupatla and Belegundu, 2002). In the
principle of virtual work, a body is assumed to be in equilibrium, if the internal virtual work
done is same as the external virtual work done.

Both Rayleigh–Ritz and Galerkin’s methods use linear relationships between displacements
and the applied loads. Furthermore, in linear analysis, it is assumed that the displacements
and rotations (if applicable) are fairly small and the relationships between strains and
displacements as well as the relationships between stresses and strains are linear as well.
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However, in reality the relationships between displacements and the applied loads, strains
and displacements as well as stresses and strains are not linear. This nonlinearity makes a
problem more complicated and rather difficult to obtain reliable solutions. This is because
the equations that describe the solution must incorporate conditions not fully known until
the solution (the actual configuration, loading condition, state of stress and support
conditions) is known. Therefore, the solution cannot be obtained directly through a single
step analysis. However, the solutions could be obtained through a series of linear steps
which are known as iterations.

In a situation where the displacements increase nonlinearly with the increase in applied
loads, the stiffness matrix becomes a function of displacements. In the iteration process, an
incremental solution for displacements, an incremental applied load and a stiffness matrix
relevant to those incremental displacements are used. In this process the incremental
displacements and stiffness matrix are adjusted keeping the incremental load as a constant
until the equilibrium is reached. If that equilibrium could not be reached due to errors in the
solution of this process, then the incremental displacements and stiffness matrix are further
adjusted until those errors converge to insignificant values. This process is carried out
progressively until the total load is applied to the structure.

The Newton–Raphson method uses this iteration procedure in solving nonlinear equations
(Cook, 1995). A disadvantage in Newton–Raphson method is that the stiffness matrix must
be constructed for each and every iteration process. To overcome this problem modified
Newton–Raphson methods could be used. The quasi–Newton method is a modified
Newton–Raphson method and in that quasi–Newton method the stiffness matrix is get
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updated from iteration to iteration, rather than reconstructed. Therefore, the computing time
is significantly reduced with quasi–Newton method (Cook, 1995).

ABAQUS/Standard computer package generally uses Newton method for nonlinear
analysis and it uses the principle of virtual work. A nonlinear analysis involves thousands
of variables, especially when the finite element model consists of a large number of
elements and a large number of nodes. Moreover, the number of variables increases when
the problem becomes history dependent or time dependent which means the applied
loading, material properties and displacements vary with the increase in time. Since the
Newton method is an iterative method, the increments in applied loads, the increments in
material properties and increments in displacements corresponding to the increments in
time, are considered during the analysis. ABAQUS/Standard allows the user to decide the
increments in time (or step time as given in ABAQUS–Theory Manual, 1998) provided
those increments in time do not exceed the values specified in the ABAQUS/Standard
User’s Manual (1998).

The Newton method, Newton–Raphson method, modified Newton–Raphson methods and
quasi–Newton methods are all iterative methods. However, there are variations in the
method of approaches to the solution in each method. It is not intended to discuss the
variations among those methods in this thesis. The facility to use the quasi–Newton method
in the ABAQUS/Standard computer package is selected for the current study due to the
reasons given below. The quasi–Newton method is selected by including the command
*SOLUTION TECHNIQUE, TYPE = QUASI–NEWTON in the input files (sample input
files are included in Appendices C, D and E).
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In the Newton method the principle of virtual work is applied. The force components with
respect to the time increments as well as displacement components with respect to the time
increments are generated in each iteration through this method. This process would enable
producing a matrix consisting of partial derivatives of force components with respect to the
displacement components (a stiffness matrix consists of partial derivatives) at each iteration
of the analysis and this matrix is termed as Jacobian matrix. In the Newton method this
Jacobian matrix has to be formed and solved at each iteration (ABAQUS–Theory Manual,
1998). However, in quasi–Newton method, this Jacobian matrix is not formed at each
iteration, instead a matrix termed ‘kernel’ matrix is formed and updated at each iteration.
This ‘kernel’ matrix is reformed, if a converged solution could not be reached after several
numbers of iterations. The default number of iterations to be carried out before reforming
the ‘kernel’ matrix is 8 according to the ABAQUS/Standard (1998). However, the user
could increase the default value of iterations as and when required to reform the ‘kernel’
matrix (sample input files are included in Appendices C, D and E–REFORM KERNEL).
The size of Jacobian matrix in Newton method or ‘kernel’ matrix in quasi–Newton method
depends on the number of equations to be solved to reach a converged solution. The
number of equations to be solved depends on the number of degrees of freedom allowed at
nodes of the model, and this is discussed in Section 4.3.

In Section 3.3 of Chapter 3, it was indicated that finite element analysis is carried out in
stages. Here each stage is considered as a separate analysis. The applied loading in this
study, is a cyclic loading with an amplitude and cycle time, as indicated in Section 3.5. The
number of cycles of load applications considered in each stage is 50 cycles. Since the cycle
time of the cyclic loading is considered as 0.5secs for analyses of both ALF sites as well as
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granular base pavements, the total time allowed for loading is 25secs. Furthermore, a
minimum time increment and the total time are specified in the input files. Although, the
direct user control option is available for selecting the time increments required for each
iteration, in these analyses ABAQUS/Standard computer package was allowed to choose
the time increments on its own.

Once the type of analysis and the finite element method are selected, the next step is to
select the type of element which is suitable for the selected analysis and apply the boundary
conditions to the degrees of freedom at nodal points.

4.3

THE SELECTED TYPE OF ELEMENT AND APPLIED BOUNDARY
CONDITIONS

To estimate the values of displacements at nodal points as well as the stresses and strains in
the elements during the analysis, it is necessary to select an appropriate type of finite
element, which would allow ascertaining those values. The degrees of freedom allowed at
nodal points of an element are the fundamental factors that would influence the
determination of displacements at nodal points of the element during the analysis. Although
there are several degrees of freedom (d.o.f) that can be allowed at nodes in the finite
element analysis, the actual number of d.o.f allowed depends on the type of element
selected and the type of analysis considered. The type of analysis considered is static, using
the command *STATIC, and in that type of analysis, stresses, strains and displacements are
calculated as output. These stresses and strains are calculated at elements’ integration
points while displacements are calculated at nodal points as indicated above. The type of

112

element suitable for this static analysis would be able to produce displacements only in X,
Y and Z directions. Once the type of element is selected, the boundary conditions to be
applied are determined.

There are several types of elements available in the ABAQUS/Standard element library.
Since the selected pavement block is a quarter symmetric three dimensional body, only
three dimensional solid (continuum) elements are considered. There are three types of three
dimensional solid (continuum) elements available in the ABAQUS/Standard, and they are
tetrahedra, triangular prism and hexahedra (brick) elements. The three dimensional brick
(hexahedra) elements are selected for modelling of the pavement in this study. Since the
selected pavement block is a rectangular prism, it has made it easy to divide the pavement
block into small elements.
Nodes 1 – 8 Corner nodes
Nodes 9 – 20 Midside nodes
Node
21
Centre node
Nodes 22 – 27 Midface nodes

Figure 4.1

27 node element (ABAQUS/Standard User’s Manual, 1998)

There are three types of brick elements available in ABAQUS/Standard and they are
namely: 8 node brick elements; 20 node brick elements; and 27 node brick elements. In 8
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node brick element there is a node at each corner of the element. In 20 node brick element,
there are 12 midside nodes in addition to 8 corner nodes. In 27 node brick element there are
6 midface nodes and one node at the centre of the element in addition to 8 corner nodes and
12 midside nodes as shown in Figure 4.1.

The type of d.o.f allowed at nodes of an element include the displacements in X, Y and Z
directions, rotations about X, Y and Z axes, warping amplitude (warping is allowed for thin
wall open beam elements), pore pressure (in pore fluid flow analysis), electrical potential
(in electrical analysis) and temperature (in heat transfer and thermal stress analysis).
Although all of these d.o.f can be activated in ABAQUS/Standard, only the required types
of d.o.f are activated by selecting the suitable type of element and type of analysis. Only
three types of d.o.f are allowed at nodes in the selected brick elements and they are the
displacements in X, Y and Z directions (ABAQUS–Theory Manual, 1998). In this finite
element model with 9405 nodes, the number of equations to be solved is 28215 with three
d.o.f allowed at nodes.

In the analysis of road pavements, it is assumed that the pavements are subjected only to
vertical loads transferred from vehicles via tyres. The horizontal frictional forces, the
horizontal forces due to applying of brakes and inertia effects due to moving loads are all
not considered in this study. However, the variation in the applied load with time is
considered by modelling the applied load as a cyclic loading as indicated in Section 3.5.
Furthermore, it is assumed that when the applied loading is in one direction (vertical), only
displacements in X, Y and Z directions would occur during the analysis. Therefore, the
selection of brick elements is justified.
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The accuracy of an analysis depends on the type of interpolation used to calculate the
displacements at any point from the displacements at nodal points. Since, the 8 nodes are at
8 corners of the 8 node brick element, the linear interpolation is employed to calculate a
displacement at any other point. Therefore, 8 node brick elements are named as 8 node
linear brick elements or first–order elements. Since, 20 node and 27 node brick elements
have midside and midface nodes in between corner nodes, quadratic interpolation is
employed to calculate the displacement at any point and they are called 20 node quadratic
brick elements and 27 node quadratic brick elements or second–order elements. If reduced
integration is specified for elements, then lower order integration is used to form the
element stiffness and it will reduce the computing time, especially in three dimensional
elements (ABAQUS–Theory Manual, 1998). Furthermore, second–order reduced
integration yield more accurate results than the corresponding fully integrated elements
(ABAQUS–Theory Manual, 1998). Therefore, the type of element used in this study is
C3D27R which is a Continuum (solid), three dimensional (3D), 27 node quadratic
(second–order) brick element with Reduced integration. In a 27 node brick element there
are 27 integration points, but with reduced integration, there are only 14 integration points
as shown in Figure 4.2. Therefore, during the analysis, displacements are computed at 27
nodal points, while stresses and strains are computed at 14 integration points for each
element.
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Integration points
of the element are
denoted with ×

Figure 4.2

27 node element with 14 integration points (ABAQUS/Standard User’s
Manual, 1998)

The modelling of the pavement block with C3D27R elements is discussed in Section 3.4 of
Chapter 3. In that model there are 1008 elements with 9405 nodes. The modelled pavement
block is shown in Figure 3.2 of Chapter 3. The two planes O'P'PO and O'Q'QO are
symmetric planes in this quarter symmetric model. The nodes forming those planes are
restrained from moving in a direction perpendicular to each plane. The plane O'P'PO is the
XZ plane and O'Q'QO is the YZ plane of the model. Therefore the nodes forming XZ plane
and YZ plane are restrained from moving in Y direction and X direction respectively. The
plane O'P'B'Q' is the bottom plane (XY plane) of the model and that bottom plane is
assumed as supported on roller supports. The nodes forming this bottom plane are
restrained from moving in a direction perpendicular to that plane (Z direction). The two
vertical planes PP'B'B and QQ'B'B which form the outer boundary of the model are not
restrained. This is because the linear analysis discussed in Section 4.4 has revealed that the
stresses developed at integration points closer to those two vertical planes due to the
applied load are insignificant and therefore, they could be ignored. The results of linear
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analysis are available in cali.dat file in the CD attached to the thesis. Therefore, all nodes
except for nodes in two symmetric planes (XZ and YZ planes) as well as the bottom plane
(XY plane) are allowed to displace in X, Y and Z directions.

4.4

ANALYSIS USING ABAQUS/STANDARD

In this analysis the major objective is to ascertain the displacements or deformations of a
surface of a pavement structure which is subjected to cyclic loading. Generally road
pavements are subjected to millions of cycles of load applications during their design life.
An analysis of such a pavement with millions of cycles of load applications would require
enormous amount of computer time. Therefore, as indicated in Section 3.3 of Chapter 3,
this analysis is carried out in stages for each pavement section selected in this study. The
applied loading on the pavement is modelled as a cyclic loading as discussed in Section 3.5
of Chapter 3. In these stages of the analysis millions of cycles of load applications are
distributed in an ascending order. The number of cycles of load applications considered as
applied before the analysis in each stage of this study is given in Table 4.1.

Generally, it is important to be acquainted with the prevailing state of each stage of a
pavement model (induced stresses, strains or displacements) before carrying out the
analysis in stages. These induced stresses, strains and displacements are called residual
stresses, residual strains and permanent deformations. However, in this study, only the
induced stresses due to the respective number of load applications specified in Table 4.1 for
each stage are considered to carry out the analysis with ABAQUS/Standard.
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Table 4.1

The number of cycles of load applications considered as applied before the
analysis in each stage

Stage

Number of cycles of
load applications

1

100

2

1000

3

5,000

4

10,000

5

50,000

6

100,000

7

200,000

The pavement model analysed in this study consists of linear and nonlinear materials. All
the pavement materials, except subgrade materials are considered as linear. The subgrade
materials at both ALF sites (Site No.5 Callington ALF trial and Site C Beerburrum ALF
trial) are modelled as nonlinear as discussed in Section 3.6 of Chapter 3. According to the
theory and the assumptions considered in the finite element analysis, it is revealed that the
residual stresses remain only in nonlinear materials due to the cyclic loading. In order to
determine these residual stresses to submit at each stage of the analysis, a relationship
between stresses and the number of cycles of load application is required for each subgrade
material. In the absence of such a relationship the available literature is used to establish a
relationship between the stresses and the number of load application for each subgrade
material.
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Brown (1974) has established a relationship between the permanent strain and the number
of stress cycles for a granular material tested in repeated load tri-axial test. The granular
material used in that study was a road base material of crushed granite of 5mm maximum
particle size. The subgrade material at Site No.5, Callington ALF trial was siltstone rubble.
The subgrade material at Site C, Beerburrum ALF trial was silty clay/sand mixture. The
materials at both sites were fine grained soils with particle sizes less than 5mm and their
Liquid Limit, Plasticity Indices and clay contents were found to be fairly low. Therefore, it
is assumed that the two materials of those sites would behave as crushed granite material
which was used by Brown (1974). Furthermore, those materials would produce similar
patterns to that of crushed granite material in their relationships between permanent strain
and number of stress cycles, if tested in repeated load tri-axial cell. Brown (1974) has
carried out the repeated load tri-axial tests for granular base material under drained
condition with a constant cell pressure (lateral pressure) of 70kPa with four different
dynamic deviator stresses of 415kPa, 275kPa, 205kPa and 140 kPa. In addition to those
tests Brown (1974) has also carried out a test under undrained condition with a dynamic
deviator stress of 140kPa. Brown (1974) has illustrated the results of those tests with curves
of permanent strain versus number of stress cycles and they are shown in Figure 4.3.

It is observed that, the curves shown in Figure 4.3 with dynamic deviator stresses of
275kPa, 205kPa and 140 kPa are demonstrating similar trends according to their shapes,
apart from the curve with dynamic deviator stress of 415kPa. Those three curves with
similar trends could be considered to develop typical curves for deviator stresses applicable
to the subgrade materials at sites of Callington and Beerburrum ALF trials, provided that
those subgrade materials are tested under drained conditions in repeated load tri-axial test.
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Similarly, the curve with a dynamic deviator stress of 140kPa under undrained condition
could also be used to develop typical curves for deviator stresses applicable to the subgrade
materials at those two ALF trials. In view of the above, it is necessary to determine the
applicable deviator stresses for the two subgrade materials of Callington and Beerburrum
ALF sites and the method of estimating those deviator stresses is explained below.

Figure 4.3

Variation of Permanent Strain with Number of stress cycles (Brown, 1974)

A linear analysis is carried out with the finite element model of the Site No.5 Callington
ALF trial to find out the maximum stresses that would induce in each pavement layer due
to the application of a single load. To obtain these maximum stresses, in this linear analysis
a tyre pressure of 750kPa is applied over the loaded area instead of 700kPa which is the
tyre pressure used for ALF trials. In this linear analysis all pavement layers including the
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subgrade of the model are assumed as linear elastic. The maximum compressive stress in
the vertical direction on top of the subgrade was found to be 50kPa. Therefore, it is
assumed that the subgrade will undergo a cyclic loading with amplitude of 50kPa, when the
pavement surface is subjected to a cyclic loading with amplitude of 700kPa. The results of
this linear analysis are illustrated in Chapter 5. The output file of this linear analysis
‘cali.dat’ is available in the CD attached to the thesis.

As shown in Figure 3.5 of Chapter 3, the depth to the subgrade from the pavement surface
of Site C Beerburrum ALF trial is 650mm. There are three finite layers above the infinite
subgrade with thicknesses 25mm, 125mm and 500mm. The moduli of the materials of
those three layers are assumed as 1500MPa, 500MPa and 250MPa respectively. The
equivalent modulus of these three layers (with a total thickness of 650mm) is estimated
using the equation given in AUSTROADS (2004) and that value is found to be 346MPa.
Similarly, the equivalent modulus estimated for layers above subgrade of Callington site is
found to be 422MPa. Using Odemark's method, when the finite layer of total thickness of
650mm with an equivalent modulus of 346MPa is transformed to a finite layer with an
equivalent modulus of 422MPa, the thickness of that finite layer is found to be 608mm.
Therefore, it is reasonable to assume that the stresses developed at a depth of 608mm due to
a single load application at Site No.5 Callington ALF trial are approximately equal to the
stresses developed at a depth of 650mm at Site C Beerburrum ALF trial. The top surface of
the rock fill layer of the pavement configuration at Site No.5 Callington ALF trial as shown
in Figure 3.3 of Chapter 3 is at a depth of 590mm from the surface. Therefore, the
computed maximum compressive stress (through the linear analysis indicated above) along
the vertical direction on top of the rock fill layer of the finite element model of Callington
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ALF trial is considered as the maximum compressive stress applicable to subgrade at Site C
Beerburrum ALF trial as well. That maximum compressive stress is found to be 70kPa.

In view of the above, the maximum compressive stresses 50kPa and 70kPa are assumed as
deviator stresses for the development of curves of permanent strain versus number of stress
cycles for the subgrade materials at sites of Callington and Beerburrum ALF trials
respectively for drained as well as undrained conditions.

In developing the two curves for the deviator stresses 50kPa and 70 kPa under drained
condition the following method is considered:
•

The permanent strains corresponding to 101, 102, 103, 104, 105 and 106 stress cycles
for the three deviator stresses 140kPa, 205kPa and 275kPa are obtained from Figure
4.3 and tabulated in Table 4.2. It is important to note that the values of permanent
strains are equal to zero for 101, 102, 103, 104, 105 and 106 stress cycles as shown in
Figure 4.3 (Brown, 1974), when the deviator stress is zero. According to Figure 4.3,
the permanent strain values corresponding to 105 and 106 stress cycles for each of
the three deviator stresses mentioned above are found to be equal and they are
shown in the last two columns of Table 4.2;

•

Five average curves of permanent strain versus deviator stress are plotted using the
tabulated values in Table 4.2 for 101, 102, 103, 104 and 105 (curves are identical for
105 and 106 stress cycles) stress cycles and shown in Figures 4.4, 4.5, 4.6, 4.7 and
4.8 respectively;
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•

From these five average curves of permanent strain versus deviator stress, the
permanent strains corresponding to the deviator stresses 50kPa and 70kPa are
obtained and tabulated in Table 4.3; and

•

The curves of permanent strain versus number of stress cycles for deviator stresses
50kPa (applicable for subgrade material at Site No.5 Callington ALF Trial) and
70kPa (applicable for subgrade material at Site C Beerburrum ALF trial) are plotted
using the values in Table 4.3 and those curves are shown in Figure 4.9.

As shown in Figure 4.3, Brown (1974) has illustrated the results of a repeated load tri-axial
test carried out in granular material with a dynamic deviator stress of 140kPa, under
undrained condition. The persistence of a road pavement under undrained condition could
not occur practically for a longer period of time. Therefore, the outcomes of a test carried
out under undrained conditions would not make a significant difference with that of under
drained conditions. Therefore, linear interpolation is employed to the curve shown in Figure
4.3 with a deviator stress of 140kPa, to estimate the values of permanent strain and
corresponding number of stress cycles for the deviator stresses 50kPa and 70kPa. Those
estimated values are tabulated in Table 4.4 and the curves plotted for deviator stresses
50kPa and 70kPa are shown in Figure 4.10.
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Table 4.2

Deviator
Stress
(kPa)
0
140
205
275

Table 4.3

Deviator
Stress
(kPa)
50
70

Permanent Strains (%) corresponding to Number of Stress Cycles for
Deviator Stresses of 0kPa, 140kPa, 205kPa and 275kPa (Brown, 1974)

101
0
0.55
0.85
1.40

102
0
0.80
1.15
2.25

Permanent Strain (%)
Number of Stress Cycles
103
104
0
0
0.98
1.00
1.65
2.50
3.30
3.80

105
0
1.00
2.65
3.80

106
0
1.00
2.65
3.80

Permanent Strains (%) corresponding to Number of Stress Cycles for
Deviator Stresses (50kPa and 70kPa) under drained condition

101
0.18
0.26

102
0.27
0.37

Permanent Strain (%)
Number of Stress Cycles
103
104
0.33
0.40
0.45
0.55

105
0.50
0.68

106
0.50
0.68
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Figure 4.4

Permanent strain versus Deviator stress for 101 Stress Cycles
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Figure 4.5

Permanent strain versus Deviator stress for 102 Stress Cycles
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Figure 4.6

Permanent strain versus Deviator stress for 103 Stress Cycles
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Figure 4.7

Permanent strain versus Deviator stress for 104 Stress Cycles
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Figure 4.8

Permanent strain versus Deviator stress for 105 Stress Cycles
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Figure 4.9

Permanent Strain versus Number of Stress Cycles for deviator stresses of
50kPa and 70kPa for drained condition

Table 4.4

Permanent Strains (%) corresponding to Number of Stress Cycles for Deviator
Stresses (0kPa, 50kPa, 70kPa and 140kPa) under undrained condition

Deviator
Stress
(kPa)
0
50
70
140

101
0
0.29
0.40
0.80

102
0
0.43
0.60
1.20

Permanent Strain (%)
Number of Stress Cycles
103
104
0
0
0.75
1.21
1.05
1.70
2.10
3.40

105
0
1.93
2.70
5.40

106
0
2.36
3.30
6.60

Since these deviator stresses 50kPa and 70kPa are the maximum compressive stresses
induced on top of the subgrades in vertical direction at Callington ALF trial and
Beerburrum ALF trial respectively, the permanent strains corresponding to those deviator
stresses are considered as the maximum compressive strains induced in the vertical
direction on top of subgrades of both ALF trials.
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Figure 4.10

Permanent Strain versus Number of Stress Cycles for deviator stresses of
50kPa and 70 kPa under undrained condition

Although, the subgrade stratum generally maintains a drained condition, in certain
situations (during rainy season) even for a limited time period, it could be under undrained
condition. To consider at least a certain part of that effect of undrained condition on a
subgrade, 10% of undrained condition of subgrade in addition to 90% of its drained
condition is considered in this study. To illustrate this combination of drained and
undrained conditions graphically, Figure 4.11 is plotted with 90% of the permanent strains
of Figure 4.9 and 10% of permanent strains of Figure 4.10 for both deviator stresses 50kPa
and 70kPa respectively. These curves of permanent strains versus number of stress cycles
are presented as developed curves for Callington ALF trial and Beerburrum ALF trial
respectively as shown in Figure 4.11. As shown in Figure 4.11, these curves of combined
drained (90%) and undrained (10%) conditions would enable to produce permanent strains
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not exceeding 1% at 106 number of stress cycles. This outcome of permanent strains not
exceeding 1%, would allow obtaining accurate results from the analysis of
ABAQUS/Standard up to 106 stress cycles as stated in the Theory Manual of ABAQUS.

The permanent strains corresponding to the number of cycles of load applications as shown
in Table 4.1 are estimated from the curves shown in Figure 4.11 for subgrade materials at
Site No.5 Callington ALF trial and Site C Beerburrum ALF trial respectively. Those values
of permanent strains are tabulated in Table 4.5 as strain (%) against the number of cycles of
load applications 100, 1000, 5000, 10000, 50000, 100000 and 200000 for both ALF trials.
To obtain the stresses corresponding to the those strains tabulated in Table 4.5 for both
subgrade materials at the sites of Callington and Beerburrum ALF trials, the initial part (up
to 1% strain) of Figure 3.15 of Chapter 3 shown in Figure 4.12 is used. Those extracted
stresses are tabulated under each strain as shown in Table 4.5.

130

1.00
0.90
Beerburrum

0.80

Permanent Strain (%)

0.70
0.60

Callington

0.50
0.40
0.30
0.20
0.10
0.00
101

102

103

104

105

106

Number of Stress Cycles

Figure 4.11

Permanent Strain (vertical direction) versus Number of Stress Cycles for
subgrade materials at Site No.5 Callington and Site C Beerburrum ALF
trials

Table 4.5

Stresses and strains for subgrade materials at Site No.5 Callington ALF trial
and Site C Beerburrum ALF trial for the respective number of load
applications
Site No.5 Callington
ALF trial

Site C Beerburrum
ALF trial

Number of cycles of
load applications
for each stage

Strain (%)

Stress (kPa)

Strain (%)

Stress (kPa)

100 (1st Stage)

0.29

46.20

0.39

61.70

1000 (2nd Stage)

0.37

50.00

0.51

67.00

5,000 (3rd Stage)

0.44

52.50

0.61

70.50

10,000 (4th Stage)

0.48

54.20

0.67

72.60

50,000 (5th Stage)

0.60

58.00

0.83

78.40

100,000 (6th Stage)

0.64

59.20

0.88

80.00

200,000 (7th Stage)

0.67

60.20

0.91

81.20
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The stresses and strains tabulated in Table 4.5 for subgrade materials at Site No.5
Callington ALF trial and Site C Beerburrum ALF trial are considered as the residual
stresses and the residual strains corresponding to the respective number of load applications
indicated in the first column of Table 4.5 at different stages of the analysis.

When carrying out the analysis with ABAQUS/Standard in stages the residual stresses
shown in Table 4.5 in accordance with 100, 1000, 5000, 10000, 50000, 100000 and 200000
cycles of load applications are submitted as initial conditions at each stage respectively.
100
90

Beerburrum

80

Stress (kPa)

70
60

Callington

50
40
30
20
10
0
0.00

0.10

0.20

0.30

0.40

0.50
Strain (%)

0.60

0.70

0.80

0.90

1.00

Figure 4.12 Initial part of Figure 3.15 (zero to 1% range of strains)

At the outset of the analysis with finite element model of Site No.5 Callington ALF trial, it
was assumed that the pavement model has already been subjected to 100 cycles of load
applications and therefore the respective residual stress at that stage is taken as 46.20kPa as
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given in Table 4.5. This residual stress value is submitted into the input file of ABAQUS/
Standard using the command *INITIAL CONDITIONS. When using the command
*INITIAL CONDITIONS, ABAQUS/ Standard requires the values of residual normal
stresses in X, Y and Z directions as well as the values of residual shear stresses on XY, XZ
and YZ planes of each element of the model, at beginning of the analysis. It is indicated
that only the subgrade is assumed as nonlinear. Therefore the above indicated stress of
46.20kPa is applied as normal stress along X, Y and Z directions to all subgrade elements.
The normal stresses in X and Y directions are considered as tensile while normal stress in Z
direction is considered as compressive, to maximise the deformation in Z direction
(vertical). Although the stresses induced in subgrade elements vary with the depth as well
as the horizontal distance from the loaded point, this variation is neglected when initial
conditions are applied. The cross anisotropic nature of nonlinear granular materials is not
considered in this study. A normal stress of 46.20kPa is applied to all subgrade elements in
X, Y and Z directions as one of the initial conditions.

The residual shear stress of subgrade elements is determined using Equation 4.1, since the
Mohr–Coulomb failure criterion is chosen, as indicated in Section 3.6 of Chapter 3.
τ = c ± σ tanφ
where,
τ = shear stress in kPa
c = cohesion of the material (or the yield stress) in kPa
σ = normal stress in kPa
φ = angle of internal friction

4.1
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The yield stress of the subgrade material at Site No.5 Callington ALF trial is estimated
from the curve of stress versus strain shown in Figure 3.15 of Chapter 3 and that estimated
value of yield stress is 27.6kPa. The angle of internal friction is assumed as 15° for both
subgrade materials as indicated in Section 3.6 of Chapter 3. Substituting the values of c
(=27.6kPa, yield stress), σ (= -46.20kPa for compressive stress or +46.20 for tensile stress
according to ABAQUS–Theory Manual, 1998) and φ (=15°) in the Equation 4.1, the values
of 39.98kPa and 15.22kPa are obtained. Out of these two values, one half of the highest
value is selected as the residual shear stress and applied to each and every subgrade element
in the model to satisfy the Mohr-Coulomb failure criterion. Furthermore, if the summation
of residual shear stresses and the shear stresses induced in the subgrade elements during the
analysis exceeds the maximum values obtained through Equation 4.1, the ABAQUS
analysis will be terminated.

After submitting the normal and shear stresses selected as initial conditions, the analysis is
carried out for the finite element model using ABAQUS/Standard computer package
specifying a static analysis with quasi-Newton method. Although 50 cycles of load
applications are applied onto the pavement model during this stage of the analysis, the
effective total number of load applications applied on the pavement model is assumed as
150, since it was assumed that the pavement model has already been subjected to 100
cycles of load applications at the beginning of this stage. Therefore, the responses (stresses,
strains and displacements) resulted at the end of this first stage of the analysis are assumed
as the responses that would be induced in the model due to the applications of 150 cycles of
load applications. Since a reliable set of data related to deformations corresponding to
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number of load applications at the Site No.5 Callington ALF trial is available, for
comparison purposes, only the displacements at critical points of the model are requested
from the output file. This output file is named as ‘cal1.dat’ and it is available in the CD
attached to the thesis.

Table 4.6

Shear stresses for subgrade materials at Site No.5 Callington ALF trial and
Site C Beerburrum ALF trial for the respective number of load applications
selected for initial conditions at two ALF sites

Number of cycles of
load applications
for each stage
100 (1st Stage)

Shear stress (kPa) used as the initial condition
in each stage
Site No.5 Callington
Site C Beerburrum
ALF trial
ALF trial
19.99
25.77

1000 (2nd Stage)

20.50

26.48

5,000 (3rd Stage)

20.83

26.95

10,000 (4th Stage)

21.06

27.23

50,000 (5th Stage)

21.57

28.00

100,000 (6th Stage)

21.73

28.22

200,000 (7th Stage)

21.87

28.38

The procedure used in the first analysis with the model of Site No.5 Callington ALF trial is
repeated for the other remaining six stages. The residual normal stresses used for the 2nd,
3rd, 4th, 5th, 6th and 7th stages are 50.00kPa, 52.50kPa, 54.20kPa, 58.00kPa, 59.20kPa and
60.20kPa respectively as shown in Table 4.5. The residual maximum shear stresses
corresponding to these six normal stresses are estimated for each stage using the Equation
4.1 and one half of those maximum values are considered as the initial condition for the
analysis and they are given in Table 4.6 as well.
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Table 4.7

The initial conditions used for the analyses with pavement model of Site
No.5 Callington ALF trial

Number of cycles of
load applications
for each stage
100 (1st Stage)

Normal stresses
(kPa)

Shear stresses
(kPa)

46.20

19.99

1000 (2nd Stage)

50.00

20.50

5,000 (3rd Stage)

52.50

20.83

10,000 (4th Stage)

54.20

21.06

50,000 (5th Stage)

58.00

21.57

100,000 (6th Stage)

59.20

21.73

200,000 (7th Stage)

60.20

21.87

Table 4.8

The initial conditions used for the analyses with pavement model of Site C
Beerburrum ALF trial

Number of cycles of
load applications
for each stage
100 (1st Stage)

Normal stresses
(kPa)

Shear stresses
(kPa)

61.70

25.77

1000 (2nd Stage)

67.00

26.48

5,000 (3rd Stage)

70.50

26.95

10,000 (4th Stage)

72.60

27.23

50,000 (5th Stage)

78.40

28.00

100,000 (6th Stage)

80.00

28.22

200,000 (7th Stage)

81.20

28.38

This same method is adopted to estimate the shear stresses used as initial conditions for the
analyses with finite element model of Site C Beerburrum ALF trial and those values are
given in Table 4.6. In estimating those shear stresses, a yield stress (value of ‘c’ in Equation
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4.1) of 35kPa which is obtained from Figure 3.15 of Chapter 3 and stresses (values of ‘σ’ in
Equation 4.1) given in Table 4.5 are used.

The normal stresses and shear stresses used as initial conditions for analyses carried out in
stages with pavement models of Callington and Beerburrum ALF sites are given in Tables
4.7 and 4.8 respectively. The analysis in each stage is limited to 50 cycles of load
applications. The displacements at critical points are requested from the output of the
analysis of ABAQUS/Standard. Although 50 cycles of load applications are applied during
each stage of the analysis, the displacements computed at the end of the 1st, 2nd, 3rd, 4th, 5th,
6th and 7th stages are considered as the displacements due to the application of 150, 1050,
5050, 10050, 50050, 100050, and 200050 cycles of load applications respectively. The
output files of the analyses with the finite element model of Site No.5 Callington ALF trial
are named as cal1.dat, cal2.dat, cal3.dat, cal4.dat, cal5.dat, cal6.dat and cal7.dat
respectively and they are available in the CD attached to the thesis. Similarly, the output
files of the analyses with the finite element model of Site C Beerburrum ALF trial are
named as bee1.dat, bee2.dat, bee3.dat, bee4.dat, bee5.dat, bee6.dat and bee7.dat
respectively and they are available in the CD attached to the thesis.

The maximum displacements on the pavement surface are computed at the end of each
analysis and they are given in Tables 5.4 and 5.8 of Chapter 5, for Callington and
Beerburrum ALF sites respectively. These maximum displacements on the pavement
surface computed at the end of each analysis are used to compare them with the permanent
deformations on the pavement surface measured during the ALF trials for both sites at
Callington and Beerburrum and this comparison is discussed in detail in Chapter 5. This
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comparison revealed that the maximum displacements produced by the analyses through
ABAQUS/Standard and the field measured deformations of the two ALF sites are fairly
consistent.

Therefore, after carrying out the analyses with the finite element models of sites at
Callington and Beerburrum ALF trials as explained above, the finite element models of
granular base pavements are selected for the analysis. The modelling of these granular base
pavements are explained in Section 3.4 of Chapter 3.

At the outset of the analysis with the finite element model of the granular base pavement, it
is assumed that the material properties of subgrade of the granular base pavement are
similar to those of Site No.5 Callington ALF trial and the thickness of the granular base is
assumed as 350mm. Therefore, in all seven stages of these analyses with the finite element
model of the granular base pavement, it is treated as a base with a thickness of 350mm and
its subgrade material properties are somewhat similar to the properties of the subgrade at
Site 5 Callington ALF trial. In those seven stages of the analyses of the granular base
pavement, the same values of normal and shear stresses used as initial conditions for Site
No.5 Callington ALF trial (given in Table 4.7) are selected in an orderly manner to submit
as initial conditions. The displacements at critical points are requested from the analysis of
ABAQUS/Standard and the output files are named as gc3501.dat, gc3502.dat, gc3503.dat,
gc3504.dat, gc3505.dat, gc3506.dat and gc3507.dat and they are available in the CD
attached to the thesis.
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As explained above, the method adopted to analyse the finite element model of a granular
base pavement with a base thickness of 350mm, is repeated for four finite element models
of granular base pavements with base thicknesses of 450mm, 550mm, 650mm and 750mm.
The initial conditions applicable for the analyses of these four finite element models are
considered as the same as that used for 350mm thick granular base pavement model,
although the depth to the subgrade from the pavement surface varies with the variation in
base thickness and it is assumed that the variation will not influence the values of initial
conditions significantly. The output files of ABAQUS/Standard related to these four
models are named using the same order of nomenclature (gc, thickness of base and stage
number.dat) used for the output files of 350mm thick granular base model. All these output
files are available in the CD attached to the thesis.

In the next part of the analysis with the finite element model of the granular base pavement,
it is assumed that the material properties of subgrade of the granular base pavement are
similar to those of Site C Beerburrum ALF trial and the thickness of the granular base is
assumed as 350mm. Therefore, in all seven stages of these analyses with the finite element
model of the granular base pavement, it is treated as a base with a thickness of 350mm and
its subgrade material properties are somewhat similar to the properties of the subgrade at
Site C Beerburrum ALF trial. In those seven stages of the analyses of the granular base
pavement, the same values of normal and shear stresses used as initial conditions for Site C
Beerburrum ALF trial (given in Table 4.8) are selected in an orderly manner to submit as
initial conditions. The displacements at critical points are requested from the analysis of
ABAQUS/Standard and the output files are named as gb3501.dat, gb3502.dat, gb3503.dat,
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gb3504.dat, gb3505.dat, gb3506.dat and gb3507.dat and they are available in the CD
attached to the thesis.

As explained in the previous paragraph, the method adopted to analyse the finite element
model of a granular base pavement with a base thickness of 350mm, is repeated for four
finite element models of granular base pavements with different base thicknesses of
450mm, 550mm, 650mm and 750mm. The initial conditions used for the analyses of these
four finite element models are same as that used for 350mm thick granular base pavement
model. The output files of ABAQUS/Standard related to these four models are named using
the same order of nomenclature (gb, thickness of base and stage number.dat) used for the
output files of 350mm thick granular base model. All these output files are available in the
CD attached to the thesis.

All the results obtained from the foregoing analyses, are used to produce design charts for
flexible pavement designs and the methods adopted to produce these design charts as well
as those results are illustrated in detail in Chapter 5.

4.5

SUMMARY OF CHAPTER 4

The finite element analysis carried out in this study is discussed in detail in this chapter.
Finite element analysis is a numerical analysis and it is carried out in the following manner:
discretising the engineering structure into finite elements; formulating the governing
equations which are applicable to the elements as well as the corners of elements when this
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assembly of elements is subjected to loading; and finding the solutions to these formulated
equations.

In formulating the governing equations, the behaviour of the pavement structure under the
applied loading (moving loads) is examined to select the correct type of analysis. This is
discussed in Section 4.2, and in that discussion it is indicated that the static analysis is more
relevant than the dynamic analysis. Furthermore, in Section 4.2 it is indicated that
relationships between strains and displacements as well as relationships between stresses
and strains are nonlinear. Therefore, the importance of selecting quadratic elements with
second order integration to represent the nonlinear relationships between strains and
displacements is discussed in Section 4.3. The nonlinear relationships between stresses and
strains have already been discussed in Section 3.6 of Chapter 3. Moreover, it is indicated
that in solving these equations, an iterative method is more applicable, since nonlinear
materials are available in the pavement model. Therefore, quasi–Newton method is selected
for solving the equations. The quasi–Newton method, which is an iterative method and a
modified Newton method, produces a converged solution in less computer time than the
Newton method.

In order to determine the stresses, strains and displacements from the analysis, it is
necessary to select the appropriate type of element to model the pavement structure. This
selection is discussed in detail in Section 4.3 and the selected type is three dimensional
brick (hexahedra) element with 27 nodes. Only three degrees of freedom (d.o.f) are
available with these brick elements and they are the displacements in X, Y and Z directions.
Therefore, 27 node quadratic brick elements with reduced integration are selected as they
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produce fairly accurate results in less computer time. The d.o.f allowed for nodes at
boundaries of the pavement model (pavement structure) are selected to suit their support
conditions. These applied boundary conditions are discussed in Section 4.3.

When the quarter symmetric finite element pavement model (which is assembled with 27
node quadratic brick elements with reduced integration and consist of linear and nonlinear
materials with specified d.o.f at boundaries) is subjected to the applied loading, stresses and
strains are induced at the integration points of the elements and displacements occur at
nodal points depending on the d.o.f allowed. However, only displacements at critical points
(points which are directly under the load) are requested in the output files of
ABAQUS/Standard in the analysis. It is important to note that the state of the pavement
model is assumed to have undergone a specified number of cycles of load applications at
the beginning of the analysis at each stage as shown in Table 4.1. The pavement model is
brought to these conditions by applying stresses into the finite elements using a command
available in ABAQUS/Standard at each stage. Therefore, the total number of cycles of load
applications applied on the pavement model at the end of each stage would be the
respective value given in Table 4.1 plus 50 cycles of load applications applied at each stage
of the analysis. The maximum displacement computed in the vertical direction (Z direction)
on the pavement surface at a point directly under the load at the end of each stage is
considered as the maximum deformation due to the total number of cycles of load
applications applied on the pavement.
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The procedure adopted in carrying out the analysis in stages as stated above is used to
analyse two pavements where ALF trials have been carried as well as for ten granular base
pavements which are used for developing design charts for flexible pavements.

The results obtained with two pavements where ALF trials have been carried out are used
in verifying the method adopted for analysis and the details are given in Chapter 5. The
results obtained with ten granular base pavements are used in developing design charts for
flexible pavements and the details are given in Chapter 5.
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CHAPTER 5

APPLICATION OF RESULTS
FOR THE DEVELOPMENT OF DESIGN CHARTS

5.1

INTRODUCTION

In this chapter the results obtained through the analyses of twelve pavement structures are
presented with tables and graphs. The results of the linear analysis carried out with the
finite element model of Site No.5 Callington ALF trial as discussed in Section 4.4 of
Chapter 4, are illustrated in Section 5.2. In Section 5.3, the results of the nonlinear analyses
carried out in stages with the finite element model of Site No.5 Callington ALF trial, are
demonstrated. Section 5.4 demonstrates the results of the nonlinear analyses carried out
with finite element model of Site C Beerburrum ALF trial.

The results of the analyses carried out in stages with finite element models of the granular
base pavements (with base thicknesses of 350mm, 450mm, 550mm, 650mm and 750mm)
and their subgrades similar to that of Site No.5 Callington ALF trial (subgrade CBR 5) are
illustrated in Section 5.5. Section 5.6 illustrates the results of the analyses carried out in
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stages with finite element models of the granular base pavements (with base thicknesses of
350mm, 450mm, 550mm, 650mm and 750mm) and their subgrades similar to that of Site C
Beerburrum ALF trial (subgrade CBR 7).

The development of charts for the design of flexible pavements with a thin asphalt
surfacing and a granular base with a subgrade material having a CBR of 5 and 7 are
presented in Section 5.7. Section 5.8 discusses the comparison of developed design charts
with the design charts of AUSTROADS (2004).

5.2

THE RESULTS OF LINEAR ANALYSIS

A linear analysis with the finite element model of Site No. 5 Callington ALF trial is carried
out as indicated in Section 4.4 of Chapter 4. The objectives of this linear analysis are
described below:
•

To find out whether there are any errors or warnings appearing in the output files
when formulating the stiffness matrix and solving the equations with Newton
method with a finite element model which consists of 9405 nodes and 1008
elements;

•

To check whether the size (length, width and height) of the selected pavement
model is sufficient to prevent the development of high stresses and strains at the
boundaries (PP'B'B and QQ'B'B as shown in Figure 3.2 of Chapter 3) of the
model; and
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•

To determine the maximum stresses and strains induced in each layer due to a
single application of load.

It is important to note that if any errors or warnings occur when formulating the stiffness
matrix with the ABAQUS/Standard, the analysis will be terminated with error messages
and warning messages in the output files. These messages could occur due to the errors
encountered in the process of node numbering, element numbering, formation of elements,
material modelling, application of boundary conditions and application of loads. In the
formulation of the input file for this linear analysis the data and commands of cyclic
loading and nonlinear subgrades used in the other input files have not been considered. It
was revealed from the output file, obtained through the analysis by submitting the input file
(formulated according to the guide lines of ABAQUS/Standard User’s Manual, 1998) of
this linear analysis, that the input file is free from errors. Therefore, this input file is used as
a sample file for the remaining analyses with nonlinear models. However, in the nonlinear
analysis this input file is adjusted by inculcating the nonlinear data and commands
applicable to various nonlinear models. The input file (cali.inp) and the output file (cali.dat)
of the linear analysis are available in the CD attached to this thesis.

To achieve the second and third objectives of the linear analysis as indicated above, it is
necessary to determine the stresses and strains induced in the elements which are near to
the loaded area as well as the boundaries of the model. Therefore, a set of elements for each
layer is made using the command *ELSET, and this element set (ELSET=RESULTS)
consists of the elements directly under the load and the elements at the boundaries of the
model at each layer.
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The pavement model of Site No. 5 Callington ALF trial is shown in Figure 5.1 (the
enlarged view of Figure 3.2 of Chapter 3) and the pavement layers are marked as AC 14
(conventional 14mm dense asphalt mix with C170 binder), AC 20 (conventional 20mm
dense asphalt mix with C170 binder), BASE (crushed limestone rock), SUBBASE (clayey
sand), FILL (calcareous clay sand), ROCK FILL (limestone quarry rubble) and
SUBGRADE (siltstone rubble). The elements for the element set ‘RESULTS’ are selected
from each layer.

The loaded area of this pavement model is the shaded area on plane OPBQ, as shown in
Figure 5.1. The specified tyre pressure for Standard Axle is 750kPa whereas that of ALF
load is 700kPa. Out of these two pressures the maximum pressure of 750kPa is considered
for this linear analysis and therefore, the applied pressure on the loaded area is 750kPa.
This loaded area consists of top surfaces of four elements in the AC14 layer, as indicated in
Section 3.5 of Chapter 3. Therefore, four elements which are directly under this shaded area
are selected from each layer and included in the element set ‘RESULTS’. The points
furthest away from the loaded area are the points (nodes) in lines PP', QQ' and BB' of the
model. Since nodes in lines PP' and QQ' are approximately equidistant from the loaded
area, the elements which consist of nodes on lines PP' and BB' are selected from each layer.
The Table 5.1 shows the elements selected for element set ‘RESULTS’. The locations of
those elements are either directly under the loaded area or close to the lines PP' or BB'. The
node numbers indicated under column 3 of Table 5.1 are based on the order of node
numbers used in forming C3D27R elements according to ABAQUS/Standard User’s
Manual, 1998. The 27 node element with its node numbers is shown in Figure 4.1 of
Chapter 4.
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The normal stresses in X, Y and Z directions, shear stresses on XY, XZ and YZ planes, the
normal strains in X, Y and Z directions and shear strains on XY, XZ and YZ planes are
computed at 14 integration points of elements included in the element set ‘RESULTS’, and
they are available in the output file ‘cali.dat’ in the CD attached to the thesis. The normal
stresses computed in the Z direction at integration points 1, 2, 3, 4, 5, 6, 7 and 8 are given
in Table 5.2. The normal strains computed in X and Y directions at integration points 1, 2,
3 and 4 are given in Table 5.3.
Q

O

Loaded Area

B
AC 14
AC 20
BASE

P

SUBBASE
FILL
ROCK FILL

SUBGRADE

B'

O'

P'

Figure 5.1

Schematic Pavement model of Site No.5 Callington ALF trial
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The integration points 1, 2, 3 and 4 are close to the bottom surface of an element while the
integration points 5, 6, 7 and 8 are close to the top surface of an element. Thus the stresses
induced at integration points 1, 2, 3 and 4 are considered when determining the maximum
stresses induced at bottom surface of a pavement layer due to the applied load while the
stresses induced at integration points 5, 6, 7 and 8 are considered when determining the
maximum stresses induced at the top surface of AC 14, AC 20 and BASE layers since these
layers consist of only a single layer of elements.
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Table 5.1
Element
Number
1502, 1503
1512, 1513

Elements included in the element set ‘RESULTS’

Layer

AC 14

1507

AC 14

1581

AC 14

1402, 1403
1412, 1413

AC 20

1407

AC 20

1481

AC 20

1302, 1303
1312, 1313

BASE

1307

BASE

1381

BASE

1002, 1003
1012, 1013

SUBBASE

1007

SUBBASE

1081

SUBBASE

Location

Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
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Table 5.1

Element
Number
802, 803
812, 813

Elements included in the element set ‘RESULTS’ (Continued)

Layer

FILL

807

FILL

881

FILL

502, 503
512, 513

ROCK FILL

507

ROCK FILL

581

ROCK FILL

2, 3
12, 13

SUBGRADE

7

SUBGRADE

81

SUBGRADE

Location

Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
Under the loaded area
With corner nodes 2 and 6 and midside node 18
on line PP'
With corner nodes 3 and 7 and midside node 19
on line BB'
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Table 5.2

Element
No.
1502
1503
1512
1513
1507
1581
1402
1403
1412
1413
1407
1481
1302
1303
1312
1313
1307
1381
1002
1003
1012
1013
1007
1081
802
803
812
813
807
881
502
503
512
513
507
581
2
3
12
13
7
81

The Normal Stresses Computed in Z (vertical) direction at integration points
1- 8 for elements in the element set ‘RESULTS’ of linear analysis
Normal Stress (kPa)
Integration Point
1
-447.50
-650.47
-444.75
-634.75
-5.02
-1.93
-263.11
-378.12
-223.44
-346.65
-0.25
+0.46
-198.16
-209.06
-177.87
-190.21
-2.94
-1.32
-71.20
-68.42
-70.58
-68.30
-7.03
-3.76
-64.85
-59.44
-63.32
-61.34
-9.72
-5.16
-46.03
-45.39
-45.87
-45.23
-10.40
-7.30
-11.15
-11.15
-11.15
-11.14
-11.14
-10.90

2
-659.34
-409.54
-642.52
-412.10
-0.65
-2.15
-384.07
-206.00
-338.38
-155.43
+0.37
+0.41
-214.66
-158.39
-193.95
-141.37
+1.49
-1.31
-67.48
-58.73
-66.77
-58.04
+1.88
-3.70
-63.09
-59.44
-61.63
-58.12
-2.79
-5.18
-45.55
-44.54
-45.40
-44.41
-6.41
-7.31
-11.15
-11.14
-11.14
-11.14
-11.25
-10.90

3
-60.36
-429.72
-415.26
-257.04
+0.96
+0.17
-359.25
-199.16
-192.55
-131.39
+1.55
+0.43
-197.07
-146.92
-146.74
-113.69
+1.70
+1.57
-65.90
-58.04
-61.15
-54.74
+1.25
+3.45
-60.36
-56.89
-59.19
-55.99
+0.94
+1.39
-45.43
-44.44
-44.97
-44.01
-6.40
-3.54
-11.14
-11.14
-11.14
-11.13
-11.25
-11.04

4
-62.43
-652.21
-230.32
-398.78
-3.77
-0.45
-245.74
-347.84
-148.95
-172.98
+0.88
+0.15
-184.80
-191.42
-143.01
-141.26
-2.83
+1.68
-69.05
-65.87
-64.05
-60.69
-7.08
+3.40
-62.43
-60.15
-60.99
-59.05
-8.03
+1.27
-45.90
-45.26
-45.44
-44.82
-10.38
-3.58
-11.15
-11.14
-11.14
-11.14
-11.14
-11.04

5
-69.91
-755.86
-631.30
-785.03
-7.63
-3.71
-392.82
-584.48
-363.91
-546.16
+0.37
-0.35
-284.58
-329.80
-252.75
-290.07
-1.40
-0.43
-101.30
-93.46
-95.52
-87.51
-5.84
-3.31
-69.91
-67.02
-67.66
-64.71
-9.31
-4.90
-51.51
-50.42
-51.17
-50.10
-9.63
-6.33
-11.49
-11.47
-11.48
-11.46
-11.22
-10.80

6
-68.35
-576.47
-784.47
-612.78
-0.69
-3.80
-584.54
-345.38
-552.04
-334.08
+0.48
-0.27
-333.98
-244.10
-293.40
-215.45
+1.29
-0.36
-97.20
-86.57
-91.22
-82.25
+2.19
-3.25
-68.35
-64.31
-66.11
-62.38
-1.83
-4.85
-50.79
-49.16
-50.45
-48.85
-4.58
-6.30
-11.47
-11.45
-11.47
-11.44
-11.34
-10.80

7
-66.08
-519.52
-510.06
-296.08
-1.25
-0.41
-580.05
-340.84
-345.50
-188.24
-0.84
-0.59
-312.22
-230.19
-224.18
-165.05
+0.93
+1.01
-95.29
-84.13
-87.22
76.64
+1.78
+3.51
-66.08
-62.06
-64.84
-60.98
+1.48
+1.80
-50.66
-49.02
-50.04
-48.46
-4.64
-1.94
-11.47
-11.44
-11.45
-11.42
-11.34
-10.92

8
-67.98
-738.61
-405.12
-548.22
-10.58
-0.44
-391.98
-581.65
-238.76
-352.49
-1.11
-0.06
-265.40
306.48
-191.78
-219.45
-1.31
+1.02
-98.66
-92.13
-89.68
84.67
-6.10
+3.59
-67.98
-64.83
-66.46
-63.76
-7.78
+1.97
-51.38
-50.31
-50.73
-49.70
-9.67
-1.91
-11.48
-11.47
-11.47
-11.46
-11.22
-10.93

Note: The negative sign for compressive stresses and positive sign for tensile stresses
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Table 5.3

Element
No.
1502
1503
1512
1513
1507
1581
1402
1403
1412
1413
1407
1481
1302
1303
1312
1313
1307
1381
1002
1003
1012
1013
1007
1081
802
803
812
813
807
881
502
503
512
513
507
581
2
3
12
13
7
81

The Normal Strains Computed in X and Y (horizontal) directions at
integration points 1- 4 for elements in the element set ‘RESULTS’ of linear
analysis
Normal Strain in X direction (× 10-6)
Integration Point
1
2
3
4
-37.72
-19.19
-37.70
-21.93
+11.81
-12.69
+87.41
+209.04
+81.96
+186.18
-3.50
-0.61
+186.27
+239.44
+178.37
+223.32
-16.67
+16.61
+326.35
+288.33
+319.83
+282.27
-33.29
+61.41
+264.75
+240.60
+265.84
+239.13
+8.37
+78.77
+189.41
+181.09
+188.47
+180.27
+37.22
+96.13
+72.36
+72.13
+72.37
+72.15
+67.19
+71.41

-23.81
-19.62
-25.37
-19.53
+7.45
-12.67
+203.47
+115.60
+181.36
+104.18
-0.22
-0.64
+241.45
+164.53
+227.02
+155.13
-9.77
+16.38
+300.78
+233.57
+296.02
+230.99
-35.32
+61.12
+250.48
+213.90
+247.06
+210.53
-30.05
+78.64
+184.22
+172.25
+183.31
+171.44
+1.07
+96.01
+72.21
+71.86
+72.18
+67.83
+67.65
+71.41

-25.85
-18.00
-35.06
-26.28
+7.43
-11.51
+190.91
+106.50
+145.28
+81.85
-0.23
-1.84
+230.80
+158.69
+199.41
+139.23
-9.83
+14.62
+297.34
+231.32
+285.55
+223.64
-35.10
+57.44
+247.89
+210.39
+242.91
+207.24
-26.17
+77.99
+183.66
+171.75
+181.81
+170.20
+1.38
+97.82
+72.22
+71.88
+72.23
+71.90
+67.66
+71.13

-35.96
-21.47
-44.77
-31.87
+11.62
-11.61
+83.08
+196.66
+70.13
+148.33
-3.39
-1.95
+183.67
+230.01
+170.21
+198.19
-16.23
+13.93
+322.79
+285.20
+310.72
+274.30
-32.41
+57.36
+267.03
+240.67
+258.68
+234.60
+8.62
+78.19
+188.83
+180.58
+186.69
+178.60
+37.26
+98.54
+72.34
+72.10
+72.30
+72.06
+67.51
+71.17

Normal Strain in Y direction (× 10-6)
Integration Point
1
2
3
4
-92.52
-84.88
-64.64
-50.38
-22.54
+7.71
+214.03
+210.63
+174.95
+178.10
-0.55
-1.02
+344.54
+324.98
+287.59
+273.51
+28.73
-10.41
+410.67
+387.81
+384.40
+363.45
+102.40
-26.52
+296.72
+281.12
+279.56
+268.65
+112.20
-2.24
+198.84
195.50
196.06
+192.83
+134.07
+23.19
+80.42
+80.45
+80.32
+80.35
+81.51
+69.06

-86.96
-79.95
-53.08
-54.78
-18.04
+7.67
+217.18
+173.01
+185.98
+146.61
-0.99
-1.00
+334.19
+280.80
+282.13
+237.10
+25.61
-10.30
+395.92
+360.86
+372.22
+340.31
+97.57
-26.16
+283.60
+266.81
+270.14
+254.54
+98.88
-2.03
+196.51
+191.42
+193.61
+188.58
+141.90
+23.18
+80.44
+80.47
+80.34
+80.37
+81.93
+69.03

-65.86
-66.51
-44.63
-50.88
-17.90
+4.51
+199.31
+154.34
+91.63
+72.77
-0.93
+0.34
+300.15
+253.90
+193.06
+169.78
+25.86
-6.48
+377.80
+344.90
+327.01
+301.22
+92.05
-25.82
+278.83
+264.53
+261.69
+248.32
+110.67
-30.88
+195.65
+190.67
+190.44
+185.89
+143.10
-4.76
+80.38
+80.42
+80.17
+80.21
+81.85
+69.52

Note: The negative sign for compressive strains and positive sign for tensile strains

-78.34
-64.34
-59.83
-45.02
-22.55
+4.54
+194.63
+196.80
+98.83
+92.86
-0.45
+0.37
+312.68
+293.28
+208.23
+190.11
+28.26
-6.43
+393.95
+372.30
+341.10
324.41
+99.41
-25.61
+281.53
+274.52
+267.45
+257.62
+110.43
-30.82
+197.82
+194.58
+192.32
+189.24
+134.48
-4.90
+80.37
+80.39
+80.15
+80.17
+81.44
+69.49
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The maximum stresses induced at the top and bottom of each pavement layer are selected
and they are highlighted in red colour in Table 5.2. Some of the remarks and outcomes that
could be suggested by examining these maximum stresses are discussed below:
• The maximum compressive stress induced at the top of AC 14 layer is 785.03kPa in
element No. 1513 (one of the elements of the loaded area) at integration point 5.
The applied pressure over the loaded area is 750kPa which is the tyre pressure
specified for Standard Axle. Therefore this shows that stresses induced at some
integration points could be greater than the applied pressure during the finite
element analysis. The loaded area forms top surfaces of four elements in the surface
layer as discussed in Section 3.4 of Chapter 3. If the loaded area is divided into nine
or sixteen equal sections instead of four, while maintaining the aspect ratio of
elements between 1 and 1.5, these excessive stresses induced at integration points
could be made closer to the applied pressure. With this change the number of nodes
in the model would increase from 9405 to 11781 or 15675, and the number of
equations to be solved would increase from 28215 to 35343 or 47025 and this could
also lead to termination of the analysis due to insufficient memory space as
discussed in Section 4.2 of Chapter 4. Therefore in all analyses the loaded area is
divided into four sections although an excessive compressive stress of 35kPa
(785kPa – 750kPa) is resulted on the top surface of the model and it is believed that
the accumulation of this excessive compressive stress would not allow to make a
significant impact on the asphalt layer which is capable of resisting compressive
stresses;
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• The maximum compressive stress induced at the bottom of AC 14 layer is
659.34kPa in element No. 1502 at integration point 2;
• The maximum compressive stress induced at the top of AC 20 layer is 584.54kPa in
element No. 1402 at integration point 6. The integration point 2 of element No.
1502 is just above the integration point 6 of element No. 1402. Therefore, a stress
difference of 75kPa (659.34kPa – 584.54kPa = 74.8kPa) will develop at the
interface between AC 14 and AC 20 layers due to the single application of load, and
that stress is a compressive stress. It is assumed that the asphalt layers do not fail
due to the accumulation of compressive stresses, when the loading is repeated
continuously;
• The maximum compressive stress induced at the bottom of AC 20 layer is
384.07kPa in element No. 1402 at integration point 2;
• The maximum compressive stress induced at the top of BASE is 333.98kPa in
element No. 1302 at integration point 6. A stress (compressive) difference of 50kPa
(384.07kPa – 333.98kPa = 50.09kPa) will develop at the interface of AC 20 and
BASE, since integration point 2 of element No. 1402 is just above the integration
point 6 of element No. 1302. It is assumed that, AC 20 asphalt layer will not fail
due to the accumulation of compressive stresses due to the repetition of single
loading. In this study, the effect on the pavement layer due to repetitive loading with
a single load is considered as similar to that with cyclic loading. Although
deformations will occur in the granular BASE layer due to the accumulation of
compressive stresses due to repetitive loading, those deformations are considered as
impermanent since the pavement layer is assumed as linear elastic;
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• The maximum compressive stress induced at the bottom of BASE layer is
214.66kPa in element No. 1302 at integration point 2;
• The maximum compressive stress induced at the bottom of SUBBASE layer is
71.20kPa in element No. 1002 at integration point 1;
• The maximum compressive stress induced at the bottom of FILL layer is 64.85kPa
in element No. 802 at integration point 1;
• The maximum compressive stress induced at the bottom of ROCK FILL layer is
46.03kPa in element No. 502 at integration point 1;
• It is assumed that the linear elastic granular layers namely BASE, SUBBASE, FILL
and ROCK FILL are able to return to their initial conditions after undergoing cyclic
loading which will produce compressive stresses as well as deformations in the Z
(vertical) direction of those layers. Furthermore, the compressive stresses induced at
the bottom of SUBBASE, FILL and ROCK FILL layers are less than 10% of the
applied pressure of 750kPa; and
• The maximum compressive stress induced at the bottom of ROCK FILL layer is
considered as the maximum compressive stress induced at the top of SUBGRADE.
Although there is a difference in those two values due to the interface between the
two layers, that difference is not substantial and therefore that difference is ignored
in this analysis. The value of that compressive stress at top of SUBGRADE is
considered as 50kPa (the value of 46.03kPa at the bottom of ROCK FILL layer is
approximated to 50kPa).
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The SUBGRADE is assumed as nonlinear in this study. The yield stress of subgrade
material at Site No.5 Callington ALF trial is 27.6kPa, according to the stress versus strain
curve shown in Figure 3.15 of Chapter 3. Therefore, if the stresses induced are above the
yield stress (the maximum compressive stress induced at top of subgrade is considered as
50kPa) the material is assumed to be in a plastic state. According to the theory when a
material is in a plastic state, the stresses and strains induced and deformations occur in that
material due to an applied load are not completely recoverable once the load is removed.
Therefore, it is assumed that the residual stresses, residual strains and permanent
deformations remain in the material and these stresses, strains and deformations tend to
accumulate when the load is repeated.

Since the maximum compressive stress at top of SUBGRADE is considered as 50kPa, it is
assumed that the subgrade will undergo a cyclic loading with amplitude of 50kPa when the
pavement surface is subjected to a cyclic loading with amplitude of 750kPa. Although the
tyre pressure used in ALF load is 700kPa, the tyre pressure of 750kPa used in the Standard
Axle is considered for the linear analysis of this study. Therefore, in the development of the
curve of permanent strain versus number of stress cycles (Figure 4.11 of Chapter 4) for Site
No.5 Callington ALF trial, a deviator stress of 50kPa is assumed.

The maximum compressive stress at the top of ROCK FILL layer is assumed to be equal to
that at the bottom of FILL layer. Although the actual value obtained through the analysis
was 64.85kPa for the bottom of FILL layer as indicated above, that maximum compressive
stress is approximated to 70kPa and that value is considered for the top of the ROCK FILL
layer. The top of the ROCK FILL layer is at a depth of 590mm from the surface of the
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model. The depth to the subgrade from the pavement surface of Site C Beerburrum ALF
trial is 650mm as shown in Figure 3.5 of Chapter 3. Since these two depths are fairly close
to each other, the maximum compressive stress that would develop on top of the subgrade
due to the application of a single load at Site C Beerburrum ALF trial is also considered as
70kPa. Although there are variations in the material properties as well as thicknesses of
pavement layers between two ALF sites, those variations are ignored in this analysis.
Furthermore, the stress of 70kPa is assumed as the deviator stress when developing the
curve of permanent strain versus number of stress cycles (Figure 4.11 of Chapter 4) for Site
C Beerburrum ALF trial.

To determine the maximum stresses (compressive and tensile) induced at the boundaries
due to the application of a single load, the stresses induced at the integration points 2 and 6
of elements which include nodes in line PP' as well as the integration points 3 and 7 of
elements which include nodes in line BB' are considered. The maximum compressive and
tensile stresses at the above indicated integration points are selected and they are
highlighted in blue colour in Table 5.2. Some of the comments that could be suggested by
examining these maximum stresses are discussed below:
• The maximum compressive stress induced close to line PP' is 6.41kPa and it is at
the integration point 2 of element No. 507 (in the ROCK FILL layer). This
compressive stress is approximately equal to 0.85% of applied pressure of 750kPa;
and
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• The maximum tensile stress induced close to line BB' is 3.51kPa and it is at the
integration point 7 of element No. 1081 (in the SUBBASE layer). This tensile stress
is approximately equal to 0.47% of applied pressure of 750kPa.

Since the values of maximum compressive and tensile stresses induced close to lines PP'
and BB' are approximately equal to 0.85% and 0.47% of applied pressure respectively, it is
revealed that the stresses induced in the boundaries of PP'B'B and QQ'B'B are relatively
low.

The maximum compressive stress induced at the bottom plane (O'P'B'Q') of the model is
11.15kPa and it is at integration point 4 of element No. 2. This compressive stress is
approximately 1.5% of applied pressure of 750kPa and it is also considered as a low value.
These relatively low stress values induced at the boundaries (PP'B'B, QQ'B'B and O'P'B'Q')
of the model have revealed that the selected dimensions of the pavement model are suitable
and acceptable for modelling as a finite element model. The dimensions selected for this
finite element model are 1.5m in X direction, 1.5m in Y direction and 3.0m in Z direction.
The finite element model with these dimensions is considered for all pavement models of
Site No.5 Callington ALF trial, Site C Beerburrum ALF trial and ten granular base
pavements.

The compressive and tensile strains induced in the horizontal direction (X and Y directions)
at bottom layer of selected elements are shown in Table 5.3. Some of the remarks and
outcomes that could be suggested by examining these maximum strains are discussed
below:
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• All the strains induced under the loaded area of AC14 layer (element No. 1502,
1503, 1512 and 1513) are found to be compressive. Generally asphalt layers do not
fail due to compressive stresses and therefore it is assumed that this asphalt layer
(AC14 layer) does not fail due to compressive strains induced under the loaded area
of AC14 layer;
• In AC 20 layer the maximum tensile strain induced at integration point 2 of element
No. 1402 in Y direction is 217.18 × 10-6. Although this value is very low, tensile
cracks could be developed in a real pavement structure due to the accumulation of
tensile strains when the loading is repeated. Furthermore, when the loading is
continued with a cyclic loading (loading and unloading situation) that pavement
structure will be subjected to tensile as well as compressive strains. Due to these
strains, eventually tensile cracks could be propagated up to the top of the pavement
structure and thereby fatigue cracks could be developed along the wheel path of the
pavement structure. However, the failures in asphalt layers due to fatigue cracks are
not discussed in this study;
• The maximum tensile strain induced in BASE layer is 344.54×10-6 at integration
point 1 of element No. 1302 in Y direction. It is assumed that the value of the
tensile stress responsible for this strain and the value of that strain are fairly low
since the base material has a high modulus of 500MPa. In Chapter 2 it is indicated
that if the tensile stresses develop in the lower portion of a granular layer are low,
then that granular layer behaves as a continuum. Therefore the particulate nature of
granular material can be ignored in modelling (Tutumluer and Barksdale, 1998);
and
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• Similarly, the tensile strains induced in the horizontal direction of SUBBASE,
FILL, ROCK FILL and SUBGRADE granular layers are considered to be fairly low
and the assumption of those layers as continuum is found to be reasonable and
justifiable. The maximum tensile strains are highlighted in red colour in Table 5.3.

5.3

THE RESULTS OF ANALYSES CARRIED OUT WITH FINITE ELEMENT
MODEL OF SITE NO. 5 CALLINGTON ALF TRIAL

The analyses with finite element model of Site No. 5 Callington ALF trial are carried out in
seven stages as indicated in Section 4.4 of Chapter 4. The normal and shear stresses used as
initial conditions for those seven stages are given in Tables 4.7 of Chapter 4. The pavement
model of Callington ALF trial is subjected to a cyclic loading as discussed in Section 4.4 of
Chapter 4 and in each stage this cyclic loading is limited to 50 cycles of load applications.
The output files of these seven stages are named as cal1.dat, cal2.dat, cal3.dat, cal4.dat,
cal5.dat, cal6.dat and cal7.dat as indicated in Section 4.4 of Chapter 4 and they are
available in the CD attached to the thesis. Since the cycle time of cyclic loading is 0.5sec as
stated in Section 3.5 of Chapter 3, the total time taken for 50 cycles of load application is
25secs. This analysis is carried out with progressive incremental time periods automatically
chosen by ABAQUS/Standard with progressive incremental loads corresponding to those
incremental time periods. This analysis is carried out in iterations using the quasi-Newton
method.

The stresses (normal stresses in X, Y and Z directions and shear stresses on XY, XZ and
YZ planes) and strains (normal strains in X, Y and Z directions and shear strains on XY,
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XZ and YZ planes) are computed at 14 integration points of all elements and displacements
are computed in X, Y and Z directions at all nodes except for nodes whose displacements
are fixed in one or more directions, during each iteration of the analysis. All these
computed stresses, strains and displacements are stored in temporary scratch files of
ABAQUS/Standard and they are updated from iteration to iteration until the analysis is
complete. However, only displacements computed in X, Y and Z directions at selected
nodes at every ten incremental time periods are requested in the output files. The command
used is *NODE PRINT with FREQ = 10. A node set is formed using the command *NSET
and named as 'RESULTS'. In this node set ‘RESULTS’, nodes which are directly under the
load as well as nodes outside the loaded area are included.

As described in Section 3.5 of Chapter 3, the loaded area of the top surface of the pavement
model of Site No.5 Callington ALF trial comprises of surfaces of four elements of the
surface layer of the model named as AC 14 layer. This loaded area is shown Figure 5.2
with thick lines and the corner nodes of the surfaces of these four elements are also shown
with their node numbers in Figure 5.2. However, the midside and midface nodes of those
four elements are not shown in Figure 5.2. The direction of traffic is shown with an arrow
in Figure 5.2.
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Direction
of Traffic

17095
17080

17063
17065
17033

17067
17035

Y
17003
X

17037
17005
17007

Figure 5.2

The loaded area (shown in thick lines) of the top surface of the pavement
model

As indicated above the node set ‘RESULTS’ is formed by selecting the three nodes (17005,
17035 and 17065 as shown in Figure 5.2) at the centre line of the loaded area and the two
nodes (17080 and 17095) just outside the loaded area but in line with the selected nodes as
well as in the direction of the traffic. In addition to these five nodes, five nodes from middle
of AC 14 layer (16505, 16535, 16565, 16580 and 16595), five nodes from bottom surface
of AC 14 layer (16005, 16035, 16065, 16080 and 16095) and further fifty five nodes (from
eleven layers at different elevations of the pavement model) which are directly below the
loaded top surface layer are selected to make seventy nodes in total in the node set
‘RESULTS’.
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Table 5.4

Number of cycles of load applications and their corresponding maximum
vertical deformations computed with model of Site No. 5 Callington ALF
trial

Number of
cycles of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

100

150

1.39

1000

1050

1.57

5000

5050

1.83

10000

10050

2.14

50000

50050

3.23

100000

100050

4.56

200000

200050

5.78

Node number at
which the maximum
deformation occur
and its location
17005

(top surface of AC 14)
17005

(top surface of AC 14)
17035

(top surface of AC 14)
17005

(top surface of AC 14)
17005

(top surface of AC 14)
16535

(middle of AC 14)
17005

(top surface of AC 14

Name of
output file

cal1.dat
cal2.dat
cal3.dat
cal4.dat
cal5.dat
cal6.dat
cal7.dat)

Out of all displacements computed through the analysis of ABAQUS/Standard at the end of
each stage of the analysis, the maximum displacement (deformation) computed in the
negative Z direction at a point within the AC 14 surface layer is selected. This process is
extended for the remaining six stages and six maximum displacements computed in the
negative Z direction are selected. These seven maximum deformations are shown in Table
5.4 together with number of cycles of load applications applied before and at the end of
each stage, the node numbers at which these deformations occur and the names of output
files. The number of cycles of load applications applied prior to the analysis given in
column 1 of Table 5.4 for each stage is the same values given in Table 4.1 of Chapter 4. In
Section 4.4 of Chapter 4, it is discussed that this analysis is carried out in seven stages
instead of applying millions of cycles of load applications in the analysis which would
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require enormous amount of computer time. However, at the beginning of each and every
stage of this seven stage analysis it is assumed that pavement has been subjected to a
specified number of cycles of load applications.

The permanent deformations measured at Site No.5 (experimental Site No.3) Callington
ALF trial during the ALF testing (Kadar, 1991) are shown in Table 5.5. This test was
performed by selecting a 12m strip of pavement along the outer wheel path (OWP) as
described in Section 3.4 of Chapter 3. The values tabulated in Table 5.5 are the permanent
deformations measured at 0.5m intervals along this strip of 12 metres after the application
of various cycles of load applications.

After examining the permanent deformations at experimental Site No.3 in ARR198 (Kadar,
1991) it was found that except for some of the load applications the permanent
deformations increase as the load applications increase. Those inconsistent permanent
deformations are shown in blue colour in Table 5.5. Furthermore, as stated in ARR198
(Kadar, 1991), fatigue cracks have developed in AC 14 layer after the application of
130,000 cycles of load applications at some of the chainages. Therefore, it is assumed that
comparatively high permanent deformations have resulted at those chainages due to fatigue
cracks and those high permanent deformation values are shown in red colour in Table 5.5.
In view of the above, the values of those permanent deformations shown in blue as well as
in red colours in Table 5.5 are ignored when estimating the averages of deformations for
various load applications. These estimated averages of permanent deformations under their
respective number of cycles of load applications are shown in the last row of Table 5.5.
Since none of the sets of permanent deformations at various chainages are matching with
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the estimated average deformation values, that set of average deformations is considered as
the acceptable set for Site No.5 Callington ALF trial. Those average values (shown in Table
5.7) are considered to compare with the computed values of ABAQUS /Standard.

The number of cycles of load applications applied on the pavement model and their
corresponding maximum deformations at the pavement surface computed from the analysis
of ABAQUS/Standard are given in Table 5.6 (values in columns 2 and 3 of Table 5.4). The
number of cycles of load applications applied during ALF trials and the permanent
deformations measured at Site No. 5 Callington ALF trial are given in Table 5.7 (The
average values as shown in Table 5.5).
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Table 5.5

Permanent deformations measured at Site No.5 Callington ALF trial
(Kadar, 1991)
Permanent deformation (mm)

Chainage
(m)

Number of cycles of ALF load applications (kilo cycles)
0

5.2

52.6

77.3

110.8

135.6

160.6

185.9

211.0

0.5

0

1.8

3.8

4.5

5.3

6.6

7.0

8.0

7.2

1.0

0

2.0

4.1

4.7

5.3

5.4

6.3

7.1

8.0

1.5

0

1.5

2.3

3.9

5.3

3.8

6.4

6.3

6.5

2.0

0

2.1

3.4

4.3

4.1

4.2

3.5

6.4

6.0

2.5

0

2.1

3.1

4.8

4.2

5.5

5.1

4.5

6.1

3.0

0

1.6

3.5

4.8

4.5

4.0

4.2

5.0

6.1

3.5

0

1.6

3.3

4.1

4.1

4.1

4.3

4.8

7.0

4.0

0

1.8

4.5

4.2

4.8

4.9

6.4

7.5

7.6

4.5

0

1.9

4.1

4.1

5.0

5.0

5.7

6.6

6.5

5.0

0

1.5

3.2

4.0

3.4

3.5

5.0

6.2

5.6

5.5

0

1.5

2.6

4.8

4.2

3.4

5.0

4.6

6.3

6.0

0

1.4

2.9

3.8

4.7

4.8

5.4

7.7

8.4

6.5

0

2.0

3.5

4.5

4.4

5.6

6.5

5.8

6.2

7.0

0

1.3

6.1

3.4

5.3

7.7

9.0

9.1

10.9

7.5

0

1.5

4.5

3.7

5.3

5.9

7.2

8.8

11.0

8.0

0

1.3

4.1

3.3

4.9

7.5

8.9

10.9

10.6

8.5

0

2.6

3.5

4.3

5.8

7.1

9.1

9.7

10.1

9.0

0

2.7

3.3

4.8

4.5

5.9

7.8

9.6

10.1

9.5

0

2.0

4.0

4.2

5.2

5.3

6.5

7.9

8.3

10.0

0

1.6

3.5

4.1

4.3

3.7

5.3

6.2

6.9

10.5

0

1.5

2.7

3.1

4.2

3.7

4.2

5.3

7.6

11.0

0

2.6

3.7

4.4

3.9

5.3

6.4

5.9

7.2

11.5

0

1.4

3.4

3.2

4.2

4.7

4.8

6.6

7.9

Average

0

1.80

3.36

3.94

4.69

5.42

5.72

6.39

6.65

167

Table 5.6

Number of
cycles of load
applications
Maximum
vertical
deformations
(mm)

Table 5.7

Number of
cycles of
ALF load
(kilo cycles)
Permanent
deformations
(mm)

Number of cycles of load applications and their corresponding maximum
vertical deformations computed from ABAQUS analysis with the pavement
model of Site No. 5 Callington ALF trial
150

1050

5050

10050

50050

100050

200050

1.39

1.57

1.83

2.14

3.23

4.56

5.78

Number of cycles of load applications and their corresponding permanent
deformations of Site No. 5 Callington ALF trial

0

5.2

52.6

77.3

110.8

135.6

160.6

185.9

211.0

0

1.80

3.36

3.94

4.69

5.42

5.72

6.39

6.65

Vertical deformation (mm)

100

10
Field Values

Computed Values

1
102

103

104

105

106

Number of cycles of load applications

Figure 5.3

Plot of maximum deformation computed and the permanent deformation
measured against their corresponding number of load applications for Site
No. 5 Callington ALF trial
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The maximum deformation versus the number of cycles of load applications is illustrated in
a log-log plot using the values tabulated in Table 5.6 and is shown in Figure 5.3. In the
same figure the permanent deformation versus number of cycles of ALF load is plotted
using the values of Table 5.7. From Figure 5.3, it shows that the measured permanent
deformations and the computed maximum deformations closely matched up to 100,000
load applications and beyond 100,000 load applications the difference between computed
and measured deformations increases.

The nonlinear subgrade material at Site No. 5 Callington ALF trial is modelled using the
stress versus strain curve shown in Figure 3.15 of Chapter 3 and behaviour of that material
under cyclic loading is modelled using the curve of permanent strain versus number of
stress cycles shown in Figure 4.11 of Chapter 4. It is clearly shown in Figure 4.11 that the
permanent strain increases gradually with the increase of number of stress cycles up to
100,000 and thereafter permanent strain remains at a constant level. Therefore, the
computed maximum deformations increase in a gradual rate up to 100,000 of cycles of load
applications and thereafter the deformations increase at a fairly lower rate. Thus the
computed maximum deformations matched closely with measured permanent deformations
only up to 100,000 cycles of load applications.

5.4

THE RESULTS OF ANALYSES CARRIED OUT WITH FINITE ELEMENT
MODEL OF SITE C BEERBURRUM ALF TRIAL

The analysis with finite element model of Site C Beerburrum ALF trial is carried out in
seven stages as done for the model of Site No. 5 Callington ALF trial. The normal stresses
and the shear stresses used as initial conditions for those seven stages are given in Table 4.8
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of Chapter 4. The output files of these seven stages are named as bee1.dat, bee2.dat,
bee3.dat, bee4.dat, bee5.dat, bee6.dat and bee7.dat as indicated in Section 4.4 of Chapter 4
and they are available in the CD attached to the thesis.

The loaded area of the top surface of the pavement model of Site C Beerburrum ALF trial
comprises of surfaces of four elements of the surface layer of the model. A node set similar
to ‘RESULTS’, which was included in the input files used for the analyses with the model
of Site No. 5 Callington ALF trial, is used for the analyses with the model of Site C
Beerburrum ALF trial as well. The displacements computed in X, Y and Z directions for
nodes in node set ‘RESULTS’ are requested in the output files from the analyses. The
maximum deformations (negative values) computed in the Z direction at a point within the
surface layer (top, middle or bottom surface) are selected from the output files of those
seven stages of analyses and they are given in Table 5.8, together with the number of cycles
of load applications applied before and at the end of each stage, the node number at which
the maximum deformations occur and the location of that node number. The number of
cycles of load applications applied on the pavement model and their corresponding
maximum deformations at the pavement surface computed from the analysis of
ABAQUS/Standard are given in Table 5.9 (values in columns 2 and 3 of Table 5.8).

The permanent deformations measured at 0.5m intervals within the 12m long strip of
pavement, during the ALF trafficking at Site C (experimental Site No. 3) Beerburrum ALF
trial are shown in Table 5.10 (Johnson-Clarke, 1992). As with the Callington ALF trial,
after reviewing the permanent deformations at experimental Site No. 3 in WD RI92/010
(Johnson-Clarke, 1992), it was observed that for a considerable number of load applications

170

the permanent deformations are changing inconsistently. This inconsistent change in
deformations is nearly 40% of the total values given in Table 5.10 and those values are
highlighted in blue colour in that table. Therefore, when estimating the averages of
deformations for various load applications those inconsistent deformations are not
considered. These estimated averages of permanent deformations under their respective
number of cycles of load applications are shown in the last row of Table 5.10. Since none
of the sets of permanent deformations at various chainages are matching with the estimated
average deformation values, that set of average deformations is considered as the
acceptable set for Site C Beerburrum ALF trial and those values shown in Table 5.11 are
taken into consideration to compare with computed values of ABAQUS/Standard.

The maximum deformation versus the number of cycles of load applications is shown in a
log-log plot in Figure 5.4 using the values of Table 5.9. In the same figure the permanent
deformation versus number of cycles of ALF load is plotted using the values of Table 5.11.
Figure 5.4 shows that the measured permanent deformations and the computed maximum
deformations closely matched up to 100,000 load applications and thereafter the difference
between the measured permanent deformations and the computed maximum deformations
increases.

The nonlinear subgrade material at Site C Beerburrum ALF trial is modelled using the
stress versus strain curve shown in Figure 3.15 of Chapter 3 and the behaviour of that
material under cyclic loading is modelled using the curve of permanent strain versus
number of stress cycles shown in Figure 4.11 of Chapter 4. It is clearly shown in Figure
4.11 that the permanent strain increases gradually with the increase of number of stress
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cycles up to 100,000 and thereafter permanent strain remains at a constant level. Therefore,
the computed maximum deformations increase at a gradual rate up to 100,000 of cycles of
load applications and thereafter the deformations increase at a fairly lower rate. Thus the
computed maximum deformations matched closely with measured permanent deformations
only up to 100,000 cycles of load applications.

Table 5.8

Number of cycles of load applications and their corresponding maximum
vertical deformations computed with model of Site C Beerburrum ALF trial

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which
the maximum
deformation occur
and its location

Name of
output file

100

150

1.41

17005
(top plane of surface layer)

bee1.dat

1000

1050

1.73

17035
(top plane of surface layer)

bee2.dat

5000

5050

2.46

17005
(top plane of surface layer)

bee3.dat

10000

10050

3.05

50000

50050

4.27

100000

100050

4.92

200000

200050

5.54

17005
(top plane of surface layer)
16535
(middle plane of surface
layer)
17005
(top plane of surface layer)
16035
(bottom plane of surface
layer)

bee4.dat
bee5.dat
bee6.dat
bee7.dat
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Table 5.9

Number of
cycles of load
applications
Maximum
vertical
deformations
(mm)

Number of cycles of load applications and their corresponding maximum
vertical deformations computed from ABAQUS analysis with the pavement
model of Site C Beerburrum ALF trial
150

1050

5050

10050

50050

100050

200050

1.41

1.73

2.46

3.05

4.27

4.92

5.54
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Table 5.10

Permanent deformations measured at Site C Beerburrum ALF trial
(Johnson-Clarke, 1992)
Permanent deformation (mm)

Chainage
(m)

Number of cycles of ALF load applications (kilo cycles)
8.8

21.5

37.6

52

73

88.4

115.6

134.6

157.5

177.6

196.3

1.0

4.1

2.8

3.4

3.4

3.4

3.7

4.2

4.0

4.5

4.6

4.4

1.5

2.2

3.0

4.8

4.8

4.9

4.5

4.6

4.8

5.5

5.9

5.0

2.0

6.6

3.6

4.4

5.6

3.5

3.7

5.0

5.2

4.8

4.8

4.6

2.5

3.0

2.9

4.0

3.6

3.5

3.8

4.7

4.8

5.5

6.1

5.8

3.0

3.4

3.6

4.8

4.9

5.0

5.4

5.8

6.0

5.6

5.5

5.1

3.5

3.8

4.3

5.1

5.2

5.0

4.6

5.3

5.7

6.2

7.4

6.4

4.0

4.6

4.4

4.0

3.6

6.0

5.3

7.0

6.7

6.5

6.6

7.2

4.5

4.2

5.2

4.5

5.6

5.5

4.7

5.9

5.6

5.1

5.2

5.7

5.0

3.9

2.6

3.6

3.3

3.2

4.1

3.5

3.5

3.9

3.8

3.4

5.5

4.0

4.3

3.9

3.8

3.8

4.3

4.6

4.8

5.5

5.4

5.8

6.0

5.1

4.3

5.2

5.8

6.9

6.5

6.6

7.1

6.5

7.5

7.7

6.5

5.4

4.5

4.4

5.3

4.5

5.1

5.6

5.9

5.6

6.4

5.6

7.0

2.7

4.5

4.3

4.5

4.2

4.9

4.7

5.9

5.7

5.2

5.4

7.5

5.3

4.8

4.6

6.6

5.8

4.8

5.7

7.2

6.5

6.1

6.8

8.0

3.0

3.2

4.0

4.4

4.1

4.2

5.7

5.5

5.6

5.5

5.6

8.5

4.3

3.2

4.6

5.7

4.2

5.9

6.7

5.3

5.8

6.1

5.8

9.0

3.4

3.8

4.0

5.4

5.6

6.0

6.7

6.3

6.3

5.8

6.1

9.5

5.1

4.5

4.4

5.9

6.5

5.7

8.7

9.4

9.9

9.9

10.1

10.0

4.7

2.5

3.7

3.9

3.9

5.5

5.7

6.2

6.0

6.3

6.2

10.5

3.6

2.9

2.8

4.7

4.5

5.7

6.1

6.2

6.4

6.7

6.8

11.0

3.7

2.5

3.5

5.0

4.1

4.8

4.8

5.7

5.1

5.4

5.7

11.5

2.7

3.5

4.2

4.2

5.3

7.3

6.5

6.6

6.5

6.7

6.7

12.0

4.8

5.3

6.4

5.0

6.2

5.7

7.2

7.8

7.3

7.4

7.6

Average

3.2

3.3

4.2

4.4

4.4

5.0

5.4

5.4

5.8

6.0

6.4
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Table 5.11
Number of
cycles of
ALF load
(kilo cycles)
Permanent
deformations
(mm)

Number of cycles of load applications and their corresponding permanent
deformations of Site C Beerburrum ALF trial (average values of Table 5.10)

8.8

21.5

37.6

52

73

88.4

115.6

134.6

157.5

177.6

196.3

3.2

3.3

4.2

4.4

4.4

5.0

5.4

5.4

5.8

6.0

6.4

Vertical deformation (mm)

100

10

Field Values

Computed Values

1
2

10

3

10

4

10

10

5

6

10

Number of cycles of load applications

Figure 5.4

5.5

Plot of maximum deformation computed and the deformations measured
against their corresponding number of load applications for Site C
Beerburrum ALF trial

RESULTS OF THE ANALYSES CARRIED OUT WITH FINITE ELEMENT
MODEL OF GRANULAR BASE PAVEMENTS WITH A SUBGRADE
SIMILAR TO THAT OF SITE No. 5 CALLINGTON ALF TRIAL

Figure 5.3 clearly demonstrates that the maximum deformations computed with the finite
element model of Site No.5 Callington ALF trial and the measured permanent deformations
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of that site are matching closely. Therefore, the assumptions considered and the methods
adopted in modelling of the pavement model, the applied load and pavement materials as
well as the method of analysis selected are found to be valid for finite element analysis of
flexible pavement structure of that site. In view of the above it is envisaged that those
assumptions and methods could be employed in finite element analysis of other flexible
pavement structures provided that the materials of those structures are similar to those
available at Callington site.

As shown in Figure 3.3 of Chapter 3, the pavement structure at Site No.5 Callington ALF
trial consists of the following:
• A linear elastic asphalt layer

–

45mm thick AC14 layer (E = 2800MPa)

–

55mm thick AC20 layer (E = 2400MPa)

• A linear elastic granular layer –
–

85mm thick Base (E = 500MPa)
230mm thick Subbase (E = 300MPa)

– 175mm thick Fill layer (E = 72.10MPa)
–
• A nonlinear subgrade

370mm thick Rock Fill layer (E = 62.10MPa)

– Infinite (CBR = 5)

The total thickness of linear elastic asphalt layer is 100mm and the modulus of that layer
varies from 2800MPa to 2400MPa from top to bottom. The total thickness of linear elastic
granular layer is 860mm with a modulus varying from 500MPa to 62.1MPa from top to
bottom of that layer. The infinite subgrade has a CBR value of 5.
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The results of linear analysis carried out with the model of Site No.5 Callington ALF trial
are available in the cali.dat output file in the CD attached to the thesis. The normal stresses
computed in Z direction at integration points 1 to 8 for the selected elements in the element
set ‘RESULTS’ are given in Table 5.2. The maximum compressive stresses induced in the
Z direction at the bottom of subbase, fill and rock fill layers are 71.20kPa, 64.85kPa and
46.03kPa respectively and those values are shown in red colour in Table 5.2. The bottom of
subbase was at a depth of 415mm (45+55+85+230) from the pavement surface at Site No.5
Callington ALF trial. Therefore, it is reasonable to consider that the compressive stresses
induced in the Z direction at a depth approximately 400mm from the surface are less than
10% of the applied pressure (750kPa) on the surface, if the pavement consists of an asphalt
layer and a high quality granular layer as well.

The pavement structure of granular base pavements (shown in Figure 3.7 of Chapter 3)
considered for the development of design chart consists of the following:
• A linear elastic asphalt layer

– 50mm thick asphalt layer (E = 2800MPa)

• A linear elastic granular layer –

350mm – 750mm thick granular layer
(E = 500MPa)

• A nonlinear subgrade

– Infinite (material similar to subgrade at Site
No.5 Callington ALF trial and CBR = 5)

The minimum depth to the top of subgrade from the pavement surface is 400mm.
Therefore, it is reasonable to consider that the compressive stresses induced on top of the
subgrade are less than 10% of the applied stress (750kPa which is the tyre pressure used in
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Standard Axle) according to the results of linear analysis. Since the subgrade material of
these granular base pavements is similar to that at Site No.5 Callington ALF trial, the
behaviour of material under similar stress environment could be assumed similar as well.
Therefore, the curve of stress versus strain shown in Figure 3.15 of Chapter 3 as well as the
curve of permanent strain versus number of stress cycles shown in Figure 4.11 of Chapter 4
developed for subgrade material at Site No.5 Callington ALF trial is assumed as applicable
for the subgrade material of granular base pavements in their analyses.

At the outset of finite element analyses of granular base pavements, the base thickness is
assumed as 350mm, as indicted in Section 3.4 of Chapter 4. A pavement block having
dimensions 1.5m in horizontal directions (X and Y) and 3.0m in Z direction under the half
wheel load of Standard Axle is modelled as discussed in Section 3.4 of Chapter 3. The load
applied on this model is modelled as a cyclic loading with amplitude of 750kPa and a cycle
time of 0.5secs as discussed in Section 3.5 of Chapter 3, with a loaded area equal to half of
the rectangular area shown in Figure 3.13 of Chapter 3. The pavement materials in the three
layers namely, asphalt, granular and subgrade are modelled as discussed in Section 3.6 of
Chapter 3.

This modelled granular pavement block with modelled pavement materials is subjected to
modelled load during the finite element analysis with ABAQUS/Standard. Since the
modelled load is a cyclic loading, the analysis is carried out in stages. Furthermore, the
analysis is carried out with seven stages and the initial conditions used for those seven
stages are the same as for those used for seven stages with the pavement model of Site No.5
Callington ALF trial. This is due to the fact that the subgrade materials of both granular
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base pavement and Site No.5 Callington ALF trial pavement have similar material
properties and those two pavements are subjected to similar stress environments due to
single application of load (750kPa) on their pavement surfaces. Therefore, the initial
conditions applicable to Site No.5 Callington ALF trials (normal and shear stresses given in
Table 4.7 of Chapter 4) are used as the initial conditions in the respective stages of
modelling of granular base pavement.

The output files of seven stages stated above are named as gc3501.dat, gc3502.dat,
gc3503.dat, gc3504.dat, gc3505.dat, gc3506.dat and gc3507.dat and they are available in
the CD attached to the thesis. The displacements computed in X, Y and Z directions for
node set ‘RESULTS’ are requested from output files, after ten incremental time periods as
well as at the end of total time of 25secs. The maximum deformations (negative Z
direction) computed in the surface layer at the end of analysis in each stage is selected and
tabulated in Table 5.12 together with the number of cycles of load applications applied
before and at the end of the analysis.

The procedure adopted for the analysis of granular base pavement with a base thickness of
350mm is repeated for granular base pavements with base thicknesses of 450mm, 550mm,
650mm and 750mm respectively. The analysis is carried out in seven stages for each
pavement and the initial conditions used for the granular pavement with 350mm thick base
are used for other four pavements as well. The computed maximum displacement in the
negative Z direction (a deformation) in the surface layer in each stage is tabulated in Tables
5.13, 5.14, 5.15, and 5.16 for those four pavements respectively.
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Table 5.12

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 350mm (subgrade CBR = 5)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

2.32

17005
(top plane of surface layer)

gc3501.dat

1000

1050

2.60

17005
(top plane of surface layer)

gc3502.dat

5000

5050

2.82

16535
(middle plane of surface layer)

gc3503.dat

10000

10050

3.01

17005
(top plane of surface layer)

gc3504.dat

50000

50050

3.80

16595
(middle plane of surface layer)

gc3505.dat

100000

100050

4.65

17005
(top plane of surface layer)

gc3506.dat

200000

200050

5.35

17005
(top plane of surface layer)

gc3507.dat

Table 5.13

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 450mm (subgrade CBR = 5)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

2.15

17005
(top plane of surface layer)

gc4501.dat

1000

1050

2.33

17005
(top plane of surface layer)

gc4502.dat

5000

5050

2.58

16595
(middle plane of surface layer)

gc4503.dat

10000

10050

2.71

17005
(top plane of surface layer)

gc4504.dat

50000

50050

3.22

17005
(top plane of surface layer)

gc4505.dat

100000

100050

3.78

16095
(bottom plane of surface layer)

gc4506.dat

200000

200050

4.41

17005
(top plane of surface layer)

gc4507.dat
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Table 5.14

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 550mm (subgrade CBR = 5)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

1.86

17005
(top plane of surface layer)

gc5501.dat

1000

1050

1.98

17005
(top plane of surface layer)

gc5502.dat

5000

5050

2.13

17005
(top plane of surface layer)

gc5503.dat

10000

10050

2.25

16535
(middle plane of surface layer)

gc5504.dat

50000

50050

2.68

17005
(tope plane of surface layer)

gc5505.dat

100000

100050

3.07

17035
(top plane of surface layer)

gc5506.dat

200000

200050

3.61

17005
(top plane of surface layer)

gc5507.dat

Table 5.15

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 650mm (subgrade CBR = 5)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

1.69

17005
(top plane of surface layer)

gc6501.dat

1000

1050

1.82

17035
(top plane of surface layer)

gc6502.dat

5000

5050

1.97

17005
(top plane of surface layer)

gc6503.dat

10000

10050

2.04

16535
(middle plane of surface layer)

gc6504.dat

50000

50050

2.21

17005
(top plane of surface layer)

gc6505.dat

100000

100050

2.56

17005
(top plane of surface layer)

gc6506.dat

200000

200050

2.87

16595
(middle plane of surface layer)

gc6507.dat
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Table 5.16

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 750mm (subgrade CBR = 5)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

1.60

17005
(top plane of surface layer)

gc7501.dat

1000

1050

1.69

17005
(top plane of surface layer)

gc7502.dat

5000

5050

1.72

16595
(middle plane of surface layer)

gc7503.dat

10000

10050

1.76

17005
(top plane of surface layer)

gc7504.dat

50000

50050

1.98

17005
(top plane of surface layer)

gc7505.dat

100000

100050

2.10

17035
(top plane of surface layer)

gc7506.dat

200000

200050

2.44

17005
(top plane of surface layer)

gc7507.dat

Table 5.17

Number of
Cycles of load
applications
applied at the
end of the
analysis

The number of cycles of load applications and their corresponding
maximum vertical deformations computed for granular base with a subgrade
with a CBR value of 5
Maximum vertical deformations (mm)
Thickness of granular base (mm)
350

450

550

650

750

150

2.32

2.15

1.86

1.69

1.60

1050

2.60

2.33

1.98

1.82

1.69

5050

2.82

2.58

2.13

1.97

1.72

10050

3.01

2.71

2.25

2.04

1.76

50050

3.80

3.22

2.68

2.21

1.98

100050

4.65

3.78

3.07

2.56

2.10

200050

5.35

4.41

3.61

2.87

2.44
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Deformation (mm)

100

10

350mm Base
450mm Base
550mm Base
650mm Base
750mm Base

1

102

103

104

105

106

Number of cycles of load applications

Figure 5.5

The maximum deformation versus Number of cycles of load applications for
granular base pavements with a subgrade of CBR 5

The maximum deformations computed on the pavement surface for each granular base
pavement are tabulated according to their base thicknesses together with their
corresponding number of load applications in Table 5.17 and it is created from the values in
columns 2 and 3 of Tables 5.12, 5.13, 5.14, 5.15 and 5.16.

The maximum deformations computed from ABAQUS/Standard analyses for each granular
base pavement are plotted against their corresponding number of cycles of load applications
in a log-log scale using the values given in Table 5.17 and are shown in Figure 5.5.
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5.6

RESULTS OF THE ANALYSES CARRIED OUT WITH FINITE ELEMENT
MODEL OF GRANULAR BASE PAVEMENTS WITH A SUBGRADE
SIMILAR TO THAT OF SITE C BEERBURRUM ALF TRIAL

The pavement structure of these granular base pavements consists of the following:
• A linear elastic asphalt layer – 50mm thick asphalt layer (E = 2800MPa)
• A linear elastic granular layer – 350mm - 750mm thick granular layer (E = 500MPa)
• A nonlinear subgrade

– Infinite (material similar to subgrade at Site C
Beerburrum ALF trial and CBR = 7)

The minimum depth to the top of nonlinear subgrade from the pavement surface is 400mm.
If the pavement which consists of an asphalt layer and a high quality granular layer is
constructed on top of the subgrade, it was shown that the compressive stresses induced in
the Z direction at a depth of 400mm are less than 10% of applied pressure of 750kPa from
the linear analysis carried out with model of Site No.5 Callington ALF trial as discussed in
Section 5.2. Therefore, the compressive stresses induced in the Z direction on top of the
nonlinear subgrade of these granular pavements are assumed as less than 10% of the
applied pressure.

The pavement structure of Site C Beerburrum ALF trial is shown in Figure 3.5 of Chapter 3
and it consists of the following:
• A linear elastic bituminous layer – 25mm thick Double Seal Coat layer
(E = 1500MPa)
• A linear elastic granular layer – 125mm thick Base (E = 500MPa)
–
• A nonlinear subgrade

500mm thick Subbase (E = 300MPa)

– Infinite (CBR = 7)
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Although the pavement structure at Site C Beerburrum ALF trial does not consist of an
asphalt layer, the compressive stresses induced in the Z direction on top of subgrade are
assumed as less than 10% of applied pressure, since the total thickness of pavement above
the subgrade was 650mm. The curve of stress versus strain shown in Figure 3.15 of Chapter
3 and curve of permanent strain versus number of stress cycles shown in Figure 4.11 of
Chapter 4 developed for subgrade material at Site C Beerburrum ALF trial are used in the
modelling of that nonlinear material under cyclic loading. The computed maximum
deformation from the finite element analysis matched closely with the measured permanent
deformations for Site C Beerburrum ALF trial as shown in Figure 5.4. Therefore, the two
curves mentioned above are valid for modelling of a nonlinear subgrade in pavements if the
material properties of that subgrade are similar to that of subgrade material at Site C
Beerburrum ALF trial as well as the compressive stresses induced in the Z direction are less
than 10% of the applied pressure on the pavement surface.

Since the subgrades of granular base pavements are considered as similar in material
properties to that at Site C Beerburrum ALF trial and they are subjected to compressive
stresses less than 10% of applied pressure in the Z direction as discussed above, the two
curves shown in Figures 3.15 and 4.11 are used in the modelling of these nonlinear
subgrades. Therefore, the initial conditions used in the seven stages of the finite element
analysis are same as those given in Table 4.8 of Chapter 4.

The finite element analysis of those granular base pavements are carried out in the same
order as done for the previous set of granular base pavements with a subgrade similar to
that of Site No.5 Callington ALF trial as discussed in Section 5.5. The modelling of a
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pavement block and the modelling of applied load are similar for both sets of granular base
pavements. However the modelling of nonlinear subgrade is different from one set to the
other. The thickness of granular base is assumed as 350mm in the first set of analyses and
that thickness is changed to 450mm, 550mm, 650mm and 750mm in an orderly manner.
The output files of ABAQUS/Standard analysis for granular base pavements with a base
thickness of 350mm are named as gb3501.dat, gb3502.dat, gb3503.dat, gb3504.dat,
gb3505.dat, gb3506.dat and gb3507.dat and they are available in the CD attached to the
thesis. The displacements computed in X, Y and Z directions for node set ‘RESULTS’ after
ten incremental time periods as well as at the end of the analysis (25secs total time) are
requested in the out put files. The maximum deformation (negative Z direction) computed
for the surface layer at the end of the analysis in each stage is selected and tabulated in
Table 5.18.

The above procedure is repeated for granular base pavements with thicknesses of 450mm,
550mm, 650mm and 750mm respectively. The analysis is carried out in seven stages for
each pavement and the initial conditions used for the granular pavement with 350mm thick
base are used for other four pavements as well. The maximum deformation computed for
the surface layer in each stage of those four pavements is tabulated in Tables 5.19, 5.20,
5.21 and 5.22 respectively.

The maximum deformations computed on the pavement surface for each granular base
pavement are summarised below together with their corresponding number of cycles of
load applications in Table 5.23.

186

The maximum deformations computed from ABAQUS/Standard analyses for each granular
base pavement are plotted against their corresponding number of cycles of load applications
on a log-log scale using the values given in Table 5.23 and that plot is shown in Figure 5.6.

Table 5.18

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 350mm (subgrade CBR = 7)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

2.23

17005
(top plane of surface layer)

gb3501.dat

1000

1050

2.46

17005
(top plane of surface layer)

gb3502.dat

5000

5050

2.70

17035
(top plane of surface layer)

gb3503.dat

10000

10050

2.86

17005
(top plane of surface layer)

gb3504.dat

50000

50050

3.51

16595
(middle plane of surface layer)

gb3505.dat

100000

100050

4.21

17005
(top plane of surface layer)

gb3506.dat

200000

200050

5.10

16035
(bottom plane of surface layer)

gb3507.dat
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Table 5.19

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 450mm (subgrade CBR = 7)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

2.00

17005
(top plane of surface layer)

gb4501.dat

1000

1050

2.15

17005
(top plane of surface layer)

gb4502.dat

5000

5050

2.35

16595
(middle plane of surface layer)

gb4503.dat

10000

10050

2.48

17005
(top plane of surface layer)

gb4504.dat

50000

50050

2.95

17005
(top plane of surface layer)

gb4505.dat

100000

100050

3.43

17005
(top plane of surface layer)

gb4506.dat

200000

200050

3.94

16095
(bottom plane of surface layer)

gb4507.dat

Table 5.20

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 550mm (subgrade CBR = 7)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

1.77

17005
(top plane of surface layer)

gb5501.dat

1000

1050

1.90

17005
(top plane of surface layer)

gb5502.dat

5000

5050

2.05

16535
(middle plane of surface layer)

gb5503.dat

10000

10050

2.14

17005
(top plane of surface layer)

gb5504.dat

50000

50050

2.44

17005
(top plane of surface layer)

gb5505.dat

100000

100050

2.81

17035
(top plane of surface layer)

gb5506.dat

200000

200050

3.32

17005
(top plane of surface layer)

gb5507.dat
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Table 5.21

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 650mm (subgrade CBR = 7)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

1.65

17005
(top plane of surface layer)

gb6501.dat

1000

1050

1.75

17005
(top plane of surface layer)

gb6502.dat

5000

5050

1.84

17035
(top plane of surface layer)

gb6503.dat

10000

10050

1.90

17005
(top plane of surface layer)

gb6504.dat

50000

50050

2.09

16535
(middle plane of surface layer)

gb6505.dat

100000

100050

2.33

17005
(top plane of surface layer)

gb6506.dat

200000

200050

2.67

17005
(top plane of surface layer)

gb6507.dat

Table 5.22

Maximum vertical deformations computed with the model of granular base
pavement having a base thickness of 750mm (subgrade CBR = 7)

Number of cycles
of load
applications
applied before
the analysis

Number of
cycles of load
applications
applied at the
end of the
analysis

Maximum
vertical
deformation
(mm)

Node number at which the
maximum deformation
occur and its location

Name of
output file

100

150

1.50

17005
(top plane of surface layer)

gb7501.dat

1000

1050

1.63

17005
(top plane of surface layer)

gb7502.dat

5000

5050

1.70

16595
(middle plane of surface layer)

gb7503.dat

10000

10050

1.81

17005
(top plane of surface layer)

gb7504.dat

50000

50050

1.95

17005
(top plane of surface layer)

gb7505.dat

100000

100050

2.13

17035
(top plane of surface layer)

gb7506.dat

200000

200050

2.36

17005
(top plane of surface layer)

gb7507.dat
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Table 5.23

Number of
Cycles of load
applications
applied at the
end of the
analysis

The number of cycles of load applications and their corresponding
maximum vertical deformations computed for granular base with a subgrade
with a CBR value of 7
Maximum vertical deformations (mm)
Thickness of granular base (mm)
350

450

550

650

750

150

2.23

2.00

1.77

1.65

1.50

1050

2.46

2.15

1.90

1.75

1.63

5050

2.70

2.35

2.05

1.84

1.70

10050

2.86

2.48

2.14

1.90

1.81

50050

3.51

2.95

2.44

2.09

1.95

100050

4.21

3.43

2.81

2.33

2.13

200050

5.10

3.94

3.32

2.67

2.36

Deformation (mm)

100

10

350mm Base
450mm Base
550mm Base
650mm Base
750mm Base

1

102

103

104

105

106

Number of cycles of load applications

Figure 5.6

Maximum deformations versus Number of cycles of load applications for
granular base pavements with a subgrade of CBR 7
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5.7

THE DEVELOPMENT OF DESIGN CHARTS FOR THE DESIGN OF
GRANULAR BASE PAVEMENTS

In the process of pavement designing the design guide (AUSTROADS, 2004) enables
design engineers to make effective decisions. In the selection of an appropriate type of
pavement for a given situation, the availability of funds as well as desired life of the
pavement are vital factors to be considered. The cost of flexible pavements is significantly
less than rigid pavements. However, the design life of rigid pavements is much higher than
that of flexible pavements. Therefore, the selection between flexible and rigid pavements
mainly depends on the availability of funds and the design life of the pavement. If the type
of pavement selected is flexible then the engineer will decide the type of base to be
included in that flexible pavement after studying the design traffic and considering a road
class for the pavement. Once the type of base is decided the engineer can use appropriate
design charts available in the guide to select a suitable trial pavement.

Most of the charts in the guide used for pavement design may be categorised in the
following manner:
•

Granular base pavements with a thin bituminous surfacing;

•

Bituminous base pavements (open graded or dense graded bituminous mix)
with an asphalt surfacing;

•

Cemented base pavements (with or without a granular layer above the
cemented layer) with an asphalt surfacing; and

•

Asphalt base pavements with an asphalt surfacing (full depth asphalt
pavements).
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The granular base pavements are not generally recommended for arterial roads and
freeways where AADT (Annual Average Daily Traffic) per lane exceeds 2000 and also due
to the fact that a high percentage of commercial vehicles which are used for the
transportation of goods between major and capital cities of states use those arterial roads
and freeways. Apart from arterial roads and freeways, granular based pavements are
commonly used in Australia.

The design chart available in AUSTROADS (2004) design guide for the design of granular
base pavements with thin bituminous surfacing is shown in Figure 5.7. This design chart is
derived empirically for unbound granular pavements with thin bituminous surfacing
(bituminous seal or asphalt less than 40mm thickness). The performance relationship
derived from the design chart shown in Figure 5.7 is used to determine the allowable traffic
(in standard axle repetitions) that could be applied on the pavement before unacceptable
level of permanent deformations are occurred on the pavement surface. This relationship is
expressed in Equation 5.1.
⎡ 9300 ⎤
N=⎢
⎥
⎣ με ⎦
where,

7

5.1

N = The allowable number of Standard Axle repetitions before an unacceptable
level of permanent deformations develop
με = The compressive strain at top of the subgrade in vertical direction in micro
strains
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Figure 5.7

Design chart for granular pavements with thin bituminous surfacing
(AUSTROADS, 2004)

As stated in AUSTROADS (2004), pavements designed in accordance with design chart
shown in Figure 5.7 have been found to provide satisfactory service under Australian
conditions. However, in the same guide it is stated that material quality is a critical factor
affecting the reliability of these pavement configurations. The quality of bituminous
surfacings such as single seal coat, double seal coat and chip seal are difficult to control
properly unlike asphalts which are mixed and laid under controlled conditions. Therefore, it
is inevitable that the bituminous surfacing is to be replaced with asphalt surfacing to
improve the performance and design life of a pavement. Furthermore, the nonlinear
behaviour of subgrade under repetitive loading is not considered in producing the design
chart, although AUSTROADS guide accepts that the vertical compressive strain induced by
traffic loading is not fully recoverable. Hence after applying considerable number of load
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applications, permanent deformation accumulates at the subgrade level and also through out
the pavement layer as well.

The results of finite element analysis carried out on models of granular base pavements
tabulated in Tables 5.17 and 5.23 are used in developing a new design chart for the design
of unbound granular pavements with thin asphalt surfacing in this study.

When developing the new design chart the following is considered:
•

An asphalt layer of 50mm thickness which replaces the bituminous surfacing
of 40mm or less;

•

The nonlinear behaviour of subgrade materials under cyclic loading;

•

The behaviour of remaining layers of pavement material as linear elastic; and

•

The use of finite element theory in the analysis instead of multi-layer elastic
theory.

As indicated in Chapters 3 and 4 ten granular pavements (five with CBR 5 subgrade
material and the remaining with CBR 7 subgrade material) which satisfy the above
conditions were analysed and obtained the Figures 5.5 and 5.6. Although these figures
include maximum deformations up to 200,050 cycles of load applications, the maximum
computed deformations up to 100,050 cycles of load applications are selected in the
development of the new design chart. The reason for this selection is that the computed
maximum deformations of two sites at Callington and Beerburrum are closely matched
with their respective measured permanent deformations only up to 100,050 cycles of load
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applications. This has already been discussed in Sections 5.3 and 5.4 and illustrated in
Figures 5.3 and 5.4 as well.

Computed maximum deformation in mm of the
surface layer in the vertical direction

100

550mm Base
650mm Base

450mm Base

25
350mm Base

10
750mm Base

1
102

103

104

105

106

107

108

109

Number of cycles of load applications

Figure 5.8

Curves of Computed maximum deformation in mm of the surface layer in
the vertical direction versus Number of cycles of load applications
extrapolated up to 25mm deformation for granular base pavements with
CBR 5 subgrades

The curves of Figures 5.8 and 5.9 are plotted by means of the logarithmic values of
deformations and number of cycles of load applications given in Tables 5.17 and 5.23 up to
100,050 cycles of load applications. The equations for these curves are obtained from the
trendline option of the Microsoft Excel Program and those equations are used to extrapolate
these curves. As discussed in Section 5.3 and 5.4, the computed maximum deformations
increase at a gradual rate with the increase in number of load applications up to 100,000
load applications, and thereafter, the deformations increase at a fairly lower rate. Therefore,
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extrapolation of curves with gradual rate would produce safe design curves other than the
curves with lower rate.

Since AUSTROADS (2004) has considered a deformation of 25mm as an acceptable level
of permanent deformation in deriving Equation 5.1, the number of cycles of load
applications corresponding to 25mm deformation is found from the extrapolated curves of
Figures 5.8 and 5.9. Since the load applied on ten granular pavements is considered as
Standard Axle load as discussed in Section 3.5 of Chapter 3, the number of cycles of load
applications for 25mm deformation is considered as the allowable standard axle repetitions
for each granular base pavement. These allowable Standard Axle repetitions corresponding
to each base thickness (350mm, 450mm, 550mm, 650mm and 750mm) extracted from
Figures 5.8 and 5.9 are tabulated in Table 5.24.
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Computed maximum deformation in mm of the
surface layer in the vertical direction

100
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450mm Base
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350mm Base

750mm Base
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1
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106
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108
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Number of cycles of load applications

Figure 5.9

Curves of Computed maximum deformation in mm of the surface layer in the
vertical direction versus Number of cycles of load applications extrapolated up
to 25mm deformation for granular base pavements with CBR 7 subgrades

The base thicknesses of granular pavements and their respective allowable Standard Axle
repetitions are plotted in a semi-log scale for the two subgrade materials with CBR 5 and 7
separately and these plots are presented as the design chart of this study in Figure 5.10. As
shown in Figure 5.10 these Standard Axle repetitions are represented as design traffic in
Equivalent Standard Axles (ESA).
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Table 5.24

Allowable Standard Axle repetitions on granular base pavements with
thicknesses of 350mm, 450mm, 550mm, 650mm and 750mm of CBR 5 and
7 subgrade materials

Base Thickness
(mm)

Allowable Standard Axle
repetitions on granular
base pavements with a
subgrade material,
CBR = 5

Allowable Standard Axle
repetitions on granular
base pavements with a
subgrade material,
CBR = 7

350

2.24 × 106

3.98 × 106

450

8.91 × 106

1.12 × 107

550

1.41 × 107

1.99 × 107

650

2.81 × 107

4.47 × 107

750

7.08 × 107

1.78 × 108

0

Thickness of granular base (mm)

100

200

300
CBR 5

CBR 7

400

500

600

700

800
106

107

108

109

Number of Equvalent Standard Axles

Figure 5.10

The design chart for the design of flexible granular base pavements with
subgrades of CBR 5 and 7

198

5.8

COMPARISON OF DEVELOPED DESIGN CHART WITH THE DESIGN
CHART OF AUSTROADS GUIDE

In addition to the analyses carried out with ABAQUS/Standard for ten granular base
pavement structures used in the development of the design chart shown in Figure 5.10,
these pavement structures are also analysed by means of the CIRCLY multi-layer elastic
program. The output files of those ten analyses are denoted as Gr1, Gr2, Gr3, Gr4, Gr5,
Gr6, Gr7, Gr8, Gr9 and Gr10 and they are available in the CD attached to the thesis. From
this analysis the maximum compressive strains computed for each pavement in the vertical
(Z) direction on top of the subgrade is tabulated in Table 5.25. The allowable number of
Standard Axle repetitions is estimated for each of these pavements using Equation 5.1 as
well as the respective compressive strains (tabulated in Table 5.25). These estimated
Standard Axle repetitions are given in Table 5.26.

Table 5.25

Maximum compressive strains induced in vertical (Z) direction on top of
subgrade of granular base pavements with the analysis of CIRCLY

Base Thickness
(mm)

Maximum compressive
strain on top of
subgrade with CBR 5
(micro strains)

Maximum compressive
strain on top of
subgrade with CBR 7
(micro strains)

350

749.4

547.4

450

480.3

392.8

550

360.1

294.6

650

279.7

228.6

750

224.1

182.9
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To compare the design curves developed from this study with the curves of AUSTROADS
(2004) as well as the curves obtained through the analysis of CIRCLY (results shown in
Table 5.26), Figure 5.11 is produced to illustrate the patterns of all six curves (three for
CBR 5 shown in red colour and the remaining for CBR 7 shown in blue colour).

Table 5.26

Number of Standard Axle Repetitions calculated using subgrade failure
criterion

Base Thickness
(mm)

Number of Standard Axle Repetitions
using subgrade failure criterion
Subgrade (CBR 5)
(50MPa)

Subgrade (CBR 7)
(70MPa)

350

4.53 × 107

4.08 × 108

450

1.02 × 109

4.17 × 109

550

7.66 × 109

3.12 × 1010

650

4.50 × 1010

1.84 × 1011

750

2.12 × 1011

8.79 × 1011

The conditions in which these six curves are developed can be described in the following
manner:
•

The two curves shown in set 1 of Figure 5.11 are the design curves developed in
this study for granular pavements with CBR 5 and CBR 7 subgrade materials. These
pavements comprise of 50mm asphalt surfacing (modulus = 2800MPa) and high
quality granular base (modulus = 500MPa) above the subgrade. This asphalt surface
and the granular base are considered as linear elastic whereas the subgrade material
is nonlinear. Furthermore, when the subgrade is subjected to repetitive loading
(cyclic loading) it is considered that the permanent strain increases with the increase
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in number of load applications. Subsequently permanent deformations are
developed on the pavement surface. These granular pavements are analysed using
ABAQUS/Standard finite element computer code. To determine the allowable
design traffic on these pavements before their performance begins to deteriorate, a
permanent deformation of 25mm is considered as the failure condition;
•

The two curves shown in set 2 are the empirical design curves given in
AUSTROADS (2004) for granular pavements with CBR 5 and CBR 7 subgrade
materials. These granular pavements consist of a bituminous surfacing which has a
thickness less than or equal to 40mm. The bituminous surfacing is not considered as
a load carrying component of the pavement structure. However, it is considered that
the loads transferred from moving traffic onto the pavement structure are carried on
to the granular base and then the granular base transmits less stresses and strains on
to the subgrade. The modulus of granular base is assumed as 350MPa; and

•

The two curves in set 3 are produced using the results of CIRCLY analyses for
granular pavements with CBR 5 and CBR 7 subgrade materials. As in set 1, these
granular pavements consist of 50mm asphalt surfacing and a high quality granular
base above the subgrade. All the materials (asphalt, granular and subgrade) of the
pavement layers are assumed as linear elastic. In these analyses the facility available
in the CIRCLY program to change the modulus of the granular materials for
different depths (sub-layering facility) is used for unbound granular materials. The
CIRCLY analyses is carried out for unbound granular layers by dividing them into
five equi-thick layers and changing their moduli to suit the depths of these equithick layers from the surface of the granular layers. The allowable Standard Axle
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repetitions are determined using the subgrade failure condition expressed in
Equation 5.1, which has been developed from the empirical design charts of
AUSTROADS (2004).
100

Set 1 - Design curves developed in this study
Set 2 - Design curves of AUSTROADS (2004)
Set 3 - Design curves developed using CIRCLY
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Figure 5.11

Developed design curves from this study (two curves in set 1) and the design
curves of AUSTROADS (2004) for CBR 5 and 7

Some of the significant outcomes of the comparison of curves shown in Figure 5.11 for
CBR 5 and CBR 7 according to the design life of a pavement are described below:
•

The pavements designed for design traffic between 105 ESA’s to 2×106 ESA’s using
design curves given in AUSTROAD (2004) are found to be fairly satisfactory,
provided that the bituminous surfacings of those pavements are constructed to
satisfy the conditions of standard specifications and also the granular base of these
pavements should bear a modulus of 350MPa. These curves are shown in set 2 of
Figure 5.11;
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•

The performance of a pavement designed for design traffic between 2×106 ESA’s to
107 ESA’s using design curves given in AUSTROAD (2004) can be improved, if
the bituminous surfacing of that pavement is replaced with a asphalt surfacing.
However, if the base of that pavement is constructed with granular material which
has a modulus of 500MPa, the thickness of that granular base could be reduced to a
value determined by curves in set 1(the design curves developed in this study);

•

The pavements designed for design traffic between 107 ESA’s to 108 ESA’s using
the design curves given in AUSTROAD (2004) could be expected to fail before
their expected design lives. However, if the performance of these pavements is to be
improved, these pavements shall have asphalt surfacings and granular bases
constructed to higher thicknesses which can be estimated from the curves in set 1;
and

•

The design curves derived from CIRCLY analyses (set 3 in Figure 5.11) over
estimate the allowable design traffic for granular base pavements and therefore,
recommendation of granular base pavements for design traffic beyond 108 ESA's is
uncertain. Cho et al. (1996) have concluded from their study that the deflections and
stresses computed with finite element theory are higher than those computed with
multi-layer elastic theory. The deflections computed with cyclic loading and
nonlinear materials using finite element theory are higher than those computed with
static and linear materials using the same theory (Hadi and Bodhinayake, 2001).
Therefore, the strains (related to deflections) computed with CIRCLY, which uses
static loading, linear elastic materials and multi-layer elastic theory, are
considerably lower than those computed in this study. Therefore, the estimated
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design traffic, using those low values of strains with Equation 5.1, is significantly
higher than those estimated in this study. This over estimation has illustrated a
considerable difference between curves in set 1 and set 3 as well as set 2 and set 3.

In view of the above the set of design curves developed for CBR 5 and CBR 7 from this
study provides a guide to enhance the design life of granular pavements with confidence.

5.9

SUMMARY OF CHAPTER 5

The results of finite element analyses carried out with pavement models of Site No.5
Callington ALF trial, Site C Beerburrum ALF trial and ten granular base pavements are
presented in this Chapter. The results of linear analysis carried out with pavement model of
Callington ALF trial have revealed that the dimensions of the selected pavement block is
suitable for modelling it as a finite element model. This is due to the fact that the stresses
and strains developed at the boundaries of the model are found to be fairly low. In addition
to the above findings, the stresses induced in the layers of the pavement block below
400mm from its surface are found to be less than 10% of applied pressure on that surface. It
is found that the assumption of higher moduli for asphalt surface as well as the granular
base and lower moduli for underlying layers has contributed to produce these lower
stresses.

The results of ABAQUS/Standard analyses carried out with pavement models of Callington
and Beerburrum ALF trial sites have demonstrated that the computed deformations
matched closely with the field values of permanent deformations measured during the ALF
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trafficking at both sites. The agreement between the computed deformations and the field
deformations has revealed that the initial conditions applied in each and every stage of the
analysis are good enough to satisfy the prevailing conditions of the pavement materials in
the respective stage of the pavement model. These initial conditions are determined by
means of the curves of stress versus strain as well as the permanent strain versus number of
stress cycles developed for subgrade materials at both ALF sites. Hence, these curves are
good enough to model the nonlinear behaviour of similar subgrade materials subjected to
cyclic loading (repetitive loading).

Two sets of granular base pavements with base thicknesses of 350mm, 450mm, 550mm,
650mm and 750mm are analysed using ABAQUS/Standard computer code. The subgrade
material of the first set of granular base pavements is assumed as similar to that of Site
No.5 Callington ALF trial. Therefore, it is also assumed that the subgrade material of these
granular base pavements would behave in a similar manner to that of Callington site. From
the results of the analyses of the first set of granular base pavements, a design chart is
developed for the design of flexible granular base pavement (with a 50mm asphalt surface)
constructed on a subgrade material with a CBR value of 5. Similarly, the results of the
analyses of the second set of granular base pavements are used to develop a design chart for
the design of flexible granular base pavement constructed on a subgrade material with a
CBR value of 7. In this development it is assumed that the subgrade material of these
pavements in the second set is similar to that of Site C Beerburrum ALF trial.

The comparison of design chart developed in this study with the design chart given in
AUSTROADS (2004) guide for granular base pavements with thin bituminous surfacing
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has revealed that, improved performance can be expected from the pavements designed
according to the design chart developed in this study. This improvement could be achieved
quite well especially when the design traffic is more than 107 ESA’s.
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CHAPTER 6

DISCUSSION

6.1

GENERAL

In this chapter a broad discussion of the observations made from the literature review as
well as a thorough examination of the analytical study on flexible granular base pavements
carried out in this study are presented.

Deterioration of flexible pavements could occur due to fatigue cracking of bound (asphalt
and cemented) layers and also due to permanent deformations in unbound granular layers.
Since only granular base pavements are considered in this study, the findings in relation to
fatigue cracking of bound layers have not been taken into consideration.

Deterioration of flexible pavements due to deformations in unbound materials under traffic
loading gradually leads to cracking in the later stages of the pavement (Croney and Croney,
1998). This deformation develops mainly in the wheel paths of the left-hand traffic lanes on
which a significant number of commercial vehicles is concentrated (Croney, 1977). These
deformations could arise due to the consolidation or the lateral movement of the pavement
materials under the action of traffic loads. Eventually these deformations may become
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permanent deformations and form a surface depression called a rut. When a rut is formed,
uplift of surface material might occur along the sides of the rut and this could cause
cracking of pavement surface. If severe rutting is observed in the early stages of a
constructed pavement, this rutting may be a result of plastic movement of the asphalt
material in the surface. This plastic movement of the asphalt material may be due to hot
weather conditions or inadequate compaction during construction (Huang, 2004).

As stated in previous chapters pavement materials apart from the subgrade are generally
constructed using the transported materials and according to the specifications outlined by
road authorities. Therefore, in this study the behaviour of the layers constructed using those
transported materials are considered as linear elastic. Furthermore, in this study it is
assumed that gradual increase in permanent deformations occurs in the subgrade due to the
behaviour of nonlinear subgrade under moving traffic (repeated loading). It is also assumed
that the permanent deformations or ruts are formed on the surface of the pavement structure
due to those permanent deformations in the subgrade. The analytical analysis of this study
is carried out based on the assumptions stated above.

6.2

OBSERVATIONS FROM LITERATURE REVIEW

The following observations are made from the literature review of this study related to
methods of pavement analysis and design:
•

The empirical pavement design methods used in the first half of the 20th Century
became invalid with the rapid growth of heavy commercial vehicular traffic due to
the industrial revolution after World War II;
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•

Researchers and practitioners paid more attention on analytical methods based on
multi-layer elastic theory to design road pavements. With the introduction of
speedy microcomputers, researchers were able to develop sophisticated computer
programs (e.g. BISAR, DAMA, ELSYM5 and CIRCLY) based on that theory;

•

More affordable and comprehensible design charts (e.g. Shell Pavement Design
Manual, Thickness Design Manual of Asphalt Institute, AUSTROADS Pavement
Design Guide and AASHTO Design Guide) were developed by analysing
pavement structures with different material properties and layer thicknesses using
these computer programs based on multi-layer elastic theory to meet the demands
of design offices;

•

In multi-layer elastic theory, it is assumed that each pavement layer is
homogeneous and has identical properties throughout that layer. This assumption
has made it difficult to analyse the flexible pavements composed of nonlinear
unbound granular layers. The elastic modulus of these unbound granular materials
is found to be stress dependent and varies with the depth;

•

Researchers (e.g. Duncan et al., 1968, Raad and Figueroa, 1980 and Harichandran
et al., 1990) have directed their studies towards finite element theory and used that
theory to analyse pavements with non-linear materials; and

•

It is found that neither finite element computer programs nor regression equations
developed using such programs have been incorporated into pavement design
guides used in the design offices.
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In view of the above observations made with methods used in pavement analyses and
designs, it is evident that the use of finite element theory in pavement analysis is
paramount. Since finite element theory enables valid results to be produced from the
pavement analysis, incorporating that theory into pavement design would be a major
advantage.

From the literature review of this study relevant to characterisation of pavement materials
the following observations are made:
•

In the beginning of the 20th Century subgrade materials were classified using tables
and charts (e.g. PR system, GI method and Casagrande method). In early 1950's the
subgrade materials were characterised with their CBR values;

•

In multi-layer elastic theory all pavement materials were characterised with elastic
modulus and Poisson’s ratio;

•

In finite element theory elastic materials were characterised with elastic modulus
and Poisson’s ratio and nonlinear materials were characterised with mathematical
expressions. In these mathematical expressions the resilient modulus (Mr) is
defined by means of different stress parameters such as major principal stress (σ1)
or minor principal stress (σ3) or bulk stress (θ) or a combination of these
parameters;

•

The results of the investigations carried out on soils using tri-axial apparatus by
Terzaghi and Peck (1967), Hicher (1988) and Rojas (1988) with static loading have
been used to produce stress versus strain curves for those soils. It was found that
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these curves cover three regions namely elastic, plastic and strain hardening. The
moduli of soils used in those investigations are in the range of 5MPa to 30MPa;
•

The curves produced on stress versus strain from the above investigations indicated
that the yield point (where the elastic region ends) is within 0.1% to 0.5% range of
strain. The range at which the plastic region terminates is 1.2% to 3.0% strains; and

•

Investigations carried out on pavement materials by testing under repeated load triaxial test (e.g. Seed et al., 1962, Ahmed and Larew, 1963, Hicks and Monismith,
1971, Brown, 1974, Brown et al., 1975, Boyce et al., 1976, Pidwerbesky, 1995 and
Puppala et al., 2005) in the laboratory have demonstrated that the behaviour of
those materials is nonlinear.

The pavements responses (stresses, strains and deformations) occur in the materials due to
applied load contain two parts. One part of the responses is recoverable once the load is
removed and the other will remain within the material after the removal of the load. This
recoverable part is known as the resilient response whereas the remaining part in the
material is the residual response. Even though this residual part due to a single application
of load is insignificant, these residual parts will accumulate when the loading is continued
as a repeated load. These accumulated residual responses are called residual stresses,
permanent strains and permanent deformations.

The above mentioned researchers (e.g. Seed et al., 1962, Ahmed and Larew, 1963, Hicks
and Monismith, 1971, Brown, 1974, Brown et al., 1975, Boyce et al., 1976, Pidwerbesky,
1995 and Puppala et al., 2005) were interested in studying the resilient behaviour of
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materials under repeated loading and the findings from those studies have been used to
develop relationships to determine the resilient modulus of materials. Brown (1974) and
Puppala et al. (2005) have in particular studied the resilient behaviour as well as the
variation of permanent strain (residual part of strain) with the increase in number of stress
cycles.

Brown (1974) has also carried out an extensive study on a granular material used for road
bases. The maximum particle size of granular material with a low clay content used by
Brown (1974) for his study was 5mm. Brown (1974) has also produced a number of curves
of permanent strain versus number of stress cycles for different deviatoric stresses under
drained and undrained conditions. Furthermore, Brown (1974) continued his work up to
million (106) stress cycles. Puppala et al. (2005) have used coarse sand and silty sand
subgrade materials in their study and continued their study up to ten thousand (104) stress
cycles.

The study carried out by Brown (1974) is considered more appropriate for this study, since
the two subgrade materials considered are siltstone rubble and silty clay/sand and these
materials were available at Callington and Beerburrum ALF sites respectively. The
maximum particle size of both siltstone rubble and silty clay/sand materials was
approximately 5mm according to the results of sieve analysis as described by Statton and
Evens (1989) and Vuong et al. (1996).

From the day a road is commissioned for traffic, that road pavement is subjected to moving
traffic as well as loads transferred from the moving vehicles. To assess the damage caused
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due to these moving vehicles on the pavement, it is necessary to consider the magnitude of
axle loads (wheel loads), the number of load repetitions, contact area between tyre and road
surface and vehicular speeds. The observations made by examining the research carried out
in the past to measure the extent of the damage caused due to the above indicated factors on
road pavements are discussed below:
•

In the first half of the 20th Century, the researchers have not paid much attention on
the damage caused by the axle loads on pavements, since the magnitude of loads
applied and number of vehicles travelled on pavements during that period is fairly
low;

•

After World War II, the magnitude of axle loads of heavy commercial vehicles as
well as the number of commercial vehicles travelled on roads have increased
significantly due to industrial revolution;

•

Road authorities have specified the standard load on a single axle as 80kN, during
the AASHO road test in 1961. This Standard Axle with 80kN load shall have two
pairs of dual wheels such that load on a single wheel is limited to 20kN;

•

The comparison between the damage caused by a single pass of a group of axles on
a road pavement and that of a single pass of a Standard Axle on that pavement has
enabled the number of Equivalent Standard Axles (ESA's) to be defined. The
design traffic used for design purposes is determined as cumulative number of
ESA's or Standard Axle Repetitions applied on the pavement during the design
period.;

•

In computer programs (e.g. BISAR, DAMA, ELSYM5 and CIRCLY) based on
multi-layer elastic theory the contact area between tyre and road pavement for a
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single wheel was considered as circular. In some situations, when determining this
contact area, researchers have considered the load on dual wheels;
•

In finite element computer programs (e.g. ILLI-PAVE and MICH-PAVE) which
model the pavement as an axisymmetric cylindrical model, the contact area was
considered as a circular area positioned at the centre of that axisymmetric model;

•

The contact area between the tyre and road surface was represented by, a rectangle
and two semi-circles on opposite sides, in Portland Cement Association (PCA)
method (1966) for the design of rigid pavements, Huang (1993) and Siddharthan et
al. (2002). This contact area of a rectangle with two semi-circles on opposite sides
has been represented as an equivalent rectangle as indicated in PCA method (1984)
and Huang (1993) and that concept is considered in this study;

•

The speeds of moving vehicles on roads vary with their designated classes. Arterial
roads and freeways are designed for speeds above 80km/hr whereas in local roads
speeds are maintained at 50km/hr and in school zones speeds are reduced to
40km/hr; and

•

Barksdale (1971) indicated that a series of stress pulses are formed at a point on the
road surface when vehicles are passing through that point continuously and those
stress pulses could be defined as sinusoidal stress pulses. Barksdale (1971) also
suggested that, although the shape of this stress pulse is sinusoidal at and near the
surface of a road pavement, this shape would change to an equivalent triangular
stress pulse at and near the subgrade of that pavement. The amplitude of this pulse
is equal to the tyre pressure and the cycle time or the period of that pulse depends
on the speed of the vehicles.
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In developing the design charts (e.g. Shell Pavement Design Manual, Thickness Design
Manual of Asphalt Institute, AUSTROADS Pavement Design Guide and AASHTO Design
Guide) the pavements have been analysed under the application of Standard Axle loads
with computer programs based on multi-layer elastic theory. Instead of applying the load of
a single wheel as a concentrated load, the tyre pressure specified for the Standard Axle was
applied over the equivalent contact area between the tyre and the pavement surface as a
uniformly distributed load. In developing the above indicated design charts, a rectangle
with two semi-circles or equivalent rectangle of that combination as the contact area have
not been considered.

Although Barksdale (1971) has suggested that moving traffic on the road pavement could
be represented as a sinusoidal stress pulse, in the development of those design charts the
tyre pressure has been applied over the contact area as a static loading.

6.3

OBSERVATIONS AND CONCLUSIONS MADE DURING THE CURRENT
STUDY

In this study of granular base pavements, a selected pavement block from each pavement
structure out of the twelve pavement structures considered (two pavement structures at
Callington and Beerburrum, Australia, as well as ten granular base pavements structures
with five base thicknesses and two types of subgrade materials) is modelled as a finite
element model. The applied load on each pavement structure is modelled as a stress pulse.
The pavement materials of each pavement structure are modelled as linear elastic materials,
except for subgrade. The subgrade in each pavement structure is modelled as a nonlinear
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material. All these pavement models with their modelled materials are subjected to their
respective modelled load, during the finite element analyses carried out with
ABAQUS/Standard computer code. The observations and selections made when carrying
out each process indicated above as well as developing design charts for flexible granular
base pavements are discussed in this section.

The following observations and selections are made during the process of modelling a
pavement block from each pavement structure as a finite element model:
•

To investigate a region with high stresses, the selected pavement block shall
include either outer or inner wheel path (OWP or IWP) of the pavement surface;

•

The heavy commercial vehicles consist of a group of 2, 3 or 4 axles at rear and a
single axle with two wheels in front. This group of 2, 3 or 4 axles are named as
tandem, tridem and quadruple axles, respectively. Since Standard Axles as well
as group of axles (tandem, tridem and quadruple) consist of two pairs of dual
wheels at 1470mm apart, high stresses will develop along the OWP or IWP;

•

The effect on the surface of the road pavement due to loads of both pairs of dual
wheel assembly is mainly shown only on the OWP and IWP which is evident
from real pavement structures in use;

•

At Site No.5 Callington and Site C Beerburrum ALF trials have been carried out
in the OWP and therefore, in this study a pavement block which include the
OWP is considered for modelling of all selected twelve pavement structures;
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•

A pavement block having dimensions 3m x 3m x 3m is considered for the
analysis, such that the centre of the top surface of the block coincides with the
mid point between the two wheels of the dual wheel assembly;

•

Cho et al. (1996) have indicated that, using a quarter-symmetric model with
quadratic elements and with reduced integration would produce more accurate
results in less computer time provided that a finer mesh is used near the vicinity
of the load and proper boundary conditions are applied;

•

In view of the above, for modelling, a quarter from the block of 3m x 3m x 3m
indicated above is selected due to two axes of symmetry. Out of these axes of
symmetry, one is at the middle of the two wheels of the dual wheel assembly
(termed as the Y axis) and the other is the transverse of that axis parallel to the
axle (termed as the X axis). Thus, the dimensions of the quarter-symmetric
model are 1.5m x 1.5m in X and Y directions and 3m in vertical Z direction;

•

A 27 node quadratic element C3D27R, as shown in Figure 4.1 of Chapter 4, is
selected for discretising the quarter pavement block into finite elements. These
C3D27R elements use second-order interpolation and stresses (normal and
shear) as well as strains (normal and shear) are computed at only 14 integration
points;

•

To compensate for the provision of a finer mesh near the loaded area to obtain
accurate results as suggested by Cho et al. (1996), in this study fifteen nodes are
created along the X direction and nineteen nodes are created along the Y
direction;
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•

These created nodes are spaced to have smaller gaps near the origin of the
model along X and Y directions and to have gradually increasing gaps as the
nodes move away from the origin along X and Y directions; and

•

As shown in Figure 3.4 of Chapter 3, the pavement block is divided into 1008
elements. These 1008 elements were made by having 7 elements along X
direction, 9 elements along Y direction and 16 along the Z direction.

From the process of modelling the applied load on each pavement structure, the following
observations and selections are made:
•

In this study the moving traffic on a road pavement is considered as a repetitive
loading. This repetitive loading is also referred to as cyclic loading in this study;

•

Huang (2004) has indicated that, the greater the speed, the smaller the strains
developed in the road pavement. The speed considered for both sites at
Callington and Beerburrum ALF trials is 20km/hr. This speed will produce a
larger strains in the pavement materials apart from the design speeds specified
for granular base pavements (40km/hr to 80km/hr);

•

Barksdale (1971) has stated that the cycle time of the stress pulse increases as
the speed reduces as well as the depth below the pavement surface increases;

•

Since this study is mainly focussed on the pavement subgrade, a cycle time is
selected to satisfy the depth of subgrade and 20km/hr speed of ALF to account
for higher strains;

•

The depth to the subgrade from pavement surface at Callington ALF trial site is
960mm and that at Beerburrum ALF trial site is 650mm. Considering the study
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of Barksdale (1971) as well as the depths to the subgrades, the load is modelled
as a triangular stress pulse and the cycle time is selected as 0.5secs for both
ALF trial sites;
•

In this study when modelling the load on pavement models of Callington and
Beerburrum ALF trial sites the amplitude of that triangular stress pulse is
considered as 700kPa and it is the tyre pressure used in ALF;

•

Since the tyre pressure specified for the wheels in Standard Axle is 750kPa, the
amplitude of the triangular stress pulse used for the analyses with models of
granular base pavements are maintained as 750kPa;

•

The cyclic load applied on the pavement model is modelled as a triangular stress
pulse using the amplitude option of ABAQUS/Standard. In this study each
analysis is limited to 50 cycles of load applications with a total time of 25secs;
and

•

The modelled load (triangular stress pulse) is applied over the contact area
between tyre and pavement surface and that area is represented as an equivalent
rectangle in this study.

The following observations and selections are made during the process of modelling of
pavement materials for each pavement structure:
•

In the specifications prepared for the construction of pavement layers road
authorities have specified the type of materials to be used for the construction
and the method of construction to obtain a higher modulus of elasticity for
pavement layers;
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•

The pavement layers apart from the subgrade are considered as linear elastic in
this study, based on the assumption that those layers have been constructed
according to the specifications put forward by road authorities;

•

The linear elastic materials are modelled using elastic modulus and Poisson’s
ratio of each material;

•

The studies carried out by Terzaghi and Peck (1967), Hicher (1988) and Rojas
(1988) have shown that, the stress versus strain curves consist of three regions
namely; elastic, plastic and strain hardening;

•

The elastic modulus of the material used by Terzaghi and Peck (1967) is 5MPa,
while that of the materials used by Hicher (1988) and Rojas (1988) are 30MPa
and 25MPa respectively;

•

The strain at the yield point of the material with a elastic modulus of 5MPa is
0.5% and that of the material with a elastic modulus of 30MPa is 0.1%;

•

In view of the above, the elastic region reduces as the modulus increases. The
moduli of subgrade materials at Callington and Beerburrum ALF trials are
considered as 50MPa and 70MPa respectively. It is considered that for both of
these subgrade materials the yield would occur at 0.05% strain;

•

The elastic behaviour of subgrade materials at Callington and Beerburrum ALF
trial sites are modelled with their elastic moduli and Poisson’s ratios;

•

The plastic region of the material with a elastic modulus of 5MPa varies from
of 0.5% to 3% strains whereas that for the material with a elastic modulus of
30MPa varies from 0.1% to 1.2% strains;
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•

To assist the analyses with ABAQUS/Standard with the materials having higher
moduli, a broader plastic region is considered for those two subgrade materials,
although the findings have shown that the plastic region reduces as the modulus
increases. The range of this selected plastic region is from 0.05% to 3.5%;

•

This broader plastic region would assist either to increase (due to loading) or
decrease (due to unloading) the stresses and strains developed in the nonlinear
subgrade materials during the analysis while maintaining their plastic
behaviour;

•

To model the plastic region of a nonlinear material using ABAQUS/Standard,
the stresses and strains within that region are required;

•

To obtain those stresses and strains an equation is derived using the yield strain,
the modulus and a material constant as shown in Equation 3.2 of Chapter 3.
This equation is calibrated by means of curves developed by Terzaghi and Peck
(1967), Hicher (1988) and Rojas (1988) and found to be satisfactory;

•

This equation is applied to both subgrade materials at Callington and
Beerburrum ALF trial sites and developed curves of stress versus strain
applicable to the plastic region are shown in Figure 3.15 of Chapter 3;

•

True stresses and their corresponding total strains within that plastic region are
obtained from those developed curves, hence the plastic strains are determined
by subtracting the elastic strain from the total strain;

•

The plastic behaviour of subgrade materials at Callington and Beerburrum ALF
trial sites are modelled using those true stresses and plastic strains;
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•

The method adopted to model the strain hardening behaviour of subgrade
materials at Callington and Beerburrum ALF trial sites are similar to that of
modelling the plastic region. Equation 3.3 of Chapter 3 is used to obtain stress
versus strain curves for strain hardening regions of these subgrade materials;

•

Since the Mohr-Coulomb failure criterion has been considered in other research
studies (e.g. Raad and Figueroa, 1980 and Harichandran et al., 1990), the
Mohr-Coulomb hardening option of ABAQUS/Standard is used in this study;
and

•

Those calculated true stresses and plastic strains are submitted under MohrCoulomb hardening option when modelling the plastic and strain hardening
behaviour of those subgrade materials. Nominal values of 15º and 22º are
assumed for the angle of internal friction (φ) and the angle of dilation (ψ)
respectively, in this modelling of both materials.

The observations and selections made during the analysis of pavement models subjected to
cyclic loading are given below:
•

The researchers (e.g. Mallela and George, 1994, Uddin and Pan, 1995, Cho et
al., 1996) used ABAQUS/Standard computer code for their studies in pavement
analysis and they were able to obtain fairly accurate results. In this study
ABAQUS/Standard computer code is used for finite element analysis;

•

The literature review has shown that the nonlinear behaviour of pavement
materials under repeated (cyclic) loading has not been incorporated into
pavement design methods;
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•

To study the nonlinear behaviour of subgrade materials under cyclic loading and
incorporate that nonlinearity into pavement design methods are the main
objectives of this study;

•

A quarter symmetric three dimensional pavement block is selected and
modelled that block as a finite element model by discritising the pavement
block using C3D27R elements. The repetitive (cyclic) applied load on the
pavement model is modelled as a triangular stress pulse with an amplitude
(equal to tyre pressure) and a cycle time. The linear elastic materials as well as
nonlinear

materials

are

modelled

using

their

respective

stress-strain

relationships. These finite element models with their modelled materials are
subjected to the modelled loads in the ABAQUS/Standard analyses;
•

The analysis is carried out in stages to minimise the computer time and to utilise
minimum computer memory space. If this analysis is carried out with millions
of stress pulses (cycles of load applications) the required computer time and
memory space would have been colossal;

•

It is assumed that at the beginning of each stage of the analysis the pavement
model has already been subjected to a certain amount of load applications. Due
to these load applications, stresses, strains and deformations would be induced
especially in nonlinear materials. These remaining (residual) stresses of those
nonlinear materials of the pavement model are required to submit at each stage
of the analysis as initial conditions;
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•

In order to determine these residual stresses corresponding to different number
of load applications at each stage, the behaviour of those nonlinear materials
under repeated (cyclic) loading has to be studied;

•

Two curves showing the relationships between permanent strain and number of
stress cycles applicable to two subgrade materials have been developed in this
study using curves similar to those produced by Brown (1974);

•

These two curves are used to determine the permanent strains corresponding to
load applications considered at the beginning of each stage of the analysis;

•

This analysis is carried out in seven stages considering that the pavement model
has been subjected to 100, 1000, 5000, 10000, 50000, 100000 and 200000 load
applications at each stage respectively;

•

The stresses corresponding to those permanent strains are determined from
stress versus strain curves developed for two subgrade materials;

•

These estimated stresses are submitted as initial stresses at the beginning of
each stage of the analysis using initial condition option of ABAQUS/Standard.
These initial stresses are applied to all subgrade elements in the pavement
model in all three directions (X, Y and Z), neglecting the stress variation with
depth in a granular material as well as cross-anisotropy of such materials;

•

The pavement models with their modelled materials and initial conditions are
subjected to their respective modelled load during the ABAQUS/Standard
analyses;

•

The quasi-Newton method is used for the analyses to save the computer time.
All Newton methods are iterative methods and their analyses are carried out
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with small linear iterations. In this quasi-Newton method the stiffness matrix
updates from iteration to iteration and saves the computer time rather than
reforming that matrix as in the Newton method;
•

The applied load, in each stage of the seven stage analyses, is limited to 50
cycles of load applications. The deformations computed at the end of each stage
of these seven stages of the analyses correspond to the load applications of 150,
1050, 5050, 10050, 50050, 100050, and 200050 respectively;

•

The maximum deformations computed from these analyses at a point on the
surface just under the applied load for pavement models of Site No.5 Callington
ALF trial and Site C Beerburrum ALF trial are compared with their field
measured permanent deformation values; and

•

The maximum deformations computed from the analyses at a point on the
surface just under the applied load for pavement models of ten granular base
pavements are used to develop the design chart of this study.

The observations made with the results obtained with pavement models of Site No.5
Callington ALF trial and Site C Beerburrum Alf trial are listed below:
•

To compare the field results with computed values, the field measured reliable
values of permanent deformations and their corresponding number of load
applications (cycles of load applied by ALF) are plotted on log-log scale for
each site separately;
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•

On those plots, the maximum deformations computed at a point in the surface
layer are plotted against their respective number of load applications, for
Callington and Beerburrum sites separately;

•

These two plots have clearly indicated that computed deformations and field
measured permanent deformations corresponding to similar number of load
applications are in agreement for both sites;

•

These agreements have revealed that the method adopted in computing those
deformations is fairly reliable;

•

It is considered that all the steps involved in this methodology adopted are
logical as well as acceptable;

•

The above findings have shown that the methods employed in modelling of
pavement block as a finite element model, the modelling of load as a stress
pulse, the modelling of pavement materials as linear elastic as well as nonlinear
materials are valid; and

•

The analyses carried out with ABAQUS/Standard by incorporating initial
conditions for each stage of these analyses using the two curves of permanent
strain versus number of stress cycles developed for two subgrade materials at
Callington and Beerburrum sites are justifiable.

The above stated findings from the observations have revealed that the curves of stress
versus strain as well as permanent strain versus number of stress cycles related to the
subgrade materials at those two sites are applicable to materials similar to those subgrade
materials under similar stress environmental conditions.
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The linear analysis carried out with the pavement model of Site No.5 Callington ALF trial
considering all its pavement layers including subgrade as linear elastic has shown that the
stresses developed at or below 415mm depth are less than 10% of the applied tyre pressures
on the pavement surface as shown in Table 5.2 of Chapter 5.

In view of the above conditions, the subgrades of ten granular base pavements are
considered as similar to those of either Callington or Beerburrum sites (five pavements for
each type) and also the depth to those subgrades is varied from 400mm to 800mm by
varying the base thickness of pavement. These granular base pavements consist of 50mm
thick asphalt surface and granular bases with thicknesses of 350mm, 450mm, 550mm,
650mm and 750mm above the subgrade.

The results obtained through the analyses of pavements models of ten granular base
pavements with their modelled materials when subjected to their modelled load (triangular
stress pulse with amplitude of 750kPa as it is the tyre pressure specified for wheels in
Standard Axle) are used in developing the design chart for the design of flexible granular
pavements.

The selections made during the development of design charts of this study are listed below:
•

The maximum deformations computed at a point in the surface layer of each
pavement model are plotted against their corresponding number of load
applications in log-log scale;
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•

The pavements with a subgrade similar to, that of Callington ALF site and, that
of Beerburrum ALF site are considered separately;

•

The analysis is carried out in seven stages with each pavement model as done
for pavement models of ALF sites;

•

To illustrate the relationships between deformation and number of load
applications, five curves are plotted for base thicknesses of 350mm, 450mm,
550mm, 650mm, 750mm for each subgrade material type;

•

Equations are derived using Microsoft Excel Program for those ten curves and
they are extrapolated up to 25mm deformation;

•

The deformation of 25mm (a rut depth of 25mm) on the pavement surface is
considered as the failure condition in this study. Most of the Road Authorities
have indicated that a deformation greater than 25mm along the wheel paths of
the pavement surface would not provide good riding quality and comfort to the
road users. In addition deformation more than 25mm would also lead to
cracking of asphalt surface due to the uplift of asphalt material along the sides
of these deep ruts;

•

The number of load applications which causes a 25mm deformation on the
surface of pavement is considered as the allowable number of load applications
for each pavement before failure. This consideration is used to determine the
allowable number of load applications for each base thickness;

•

The base thickness is plotted against its allowable number of load applications
(number of ESA's, since the design traffic on granular pavements are expressed

228

in either ESA's or SAR's applied during the design period of the pavement) in
semi-log scale for two subgrade types separately;
•

Those two subgrade types are similar to that at Callington and Beerburrum ALF
sites and their CBR values are 5 and 7 respectively; and

•

Finally, the two curves of base thickness versus number of ESA’s applicable to
subgrades with CBR values of 5 and 7 are presented as the design chart for the
design of flexible granular pavements in this study.

The design charts of AUSTROADS (2004) for flexible granular pavements with thin
bituminous surfacing are compared with the design charts developed in this study. These
AUSTROADS design charts have facilitated for 105 to 108 ESA's of design traffic in the
selection of suitable base thickness for flexible granular pavements. In the development of
these charts the multi-layer elastic theory is used and assumed that the layers are linear
elastic. Additionally, the maximum thickness of the surface layer has been considered as
40mm with a granular base modulus of 350MPa and these two layers have to be
constructed according to the stipulated specifications of various road authorities to satisfy
these requirements.

In this study, two design charts for flexible granular pavements with CBR 5 and 7
subgrades are developed using finite element theory and those charts are applicable for
2.2×106 to 7.1×107 and 4.0×106 to 1.8×108 ESA's of design traffic respectively. In this
development, the thickness of the asphalt surfacing has been considered as 50mm and also
a nonlinear subgrade has been taken into consideration. In this design process the behaviour
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of subgrade with cyclic loading is thoroughly examined and the modulus of granular base is
considered as 500MPa.

Since a significant number of factors have been taken into consideration in the development
of two design charts for flexible granular pavements in this study as indicated above, these
charts can be used with confidence for the designs where the design traffic exceeds 2.0×106
ESA's in particular. It is more reliable to consider asphalt surfacing on a road pavement
other than a bituminous surfacing, since quality controlling of asphalt is more feasible than
that of bituminous material.

The use of asphalt surfacing would reduce the maintenance costs of roads considerably, as
it would prevent the absorption of water into the granular base during rainy periods.
Instead, if thin bituminous surfacing is used, it would allow the water to seep through it into
the granular base during rainy seasons and this behaviour leads to the formation of potholes
on road pavements and thereby increases the maintenance costs.

Using adequately thicker granular bases than the thicknesses recommended by
AUSTROADS (2004) guide would enable to reduce the stresses transferred onto the
subgrade and this would allow to reduce the deformations (or ruts) formed on the surface
and therefore, this also reduces the rehabilitation costs of road pavements.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1

GENERAL

The aim of this study is discussed in Section 1.2 of Chapter 1. The specific objectives
related to the aim of this study are discussed in Section 1.3 of Chapter 1. In deciding the
specific objectives of this study, an in-depth review of other research studies carried out in
relation to pavement engineering was examined, and it is discussed in Chapter 2. This
review covers the findings of research studies carried out from the beginning of the 20th
Century. In achieving the goals set out with the specific objectives, the methods adopted in
this study, the analytical work carried out and the usage of the results obtained are
described in Chapters 3, 4 and 5 respectively. The observations made while carrying out
this study are examined and they are discussed in Chapter 6. The conclusions reached from
the observations made in this study as well as the recommendations for future work based
on those conclusions are described in Sections 7.2 and 7.3 of this chapter respectively.

The performance of a flexible pavement throughout its design life depends on the
sustainability of pavement layers. The sustainability of a pavement is affected by the
deterioration of its layers. The deterioration of pavement layers could occur due to fatigue
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cracking of bound (asphalt and cemented) layers and also due to the permanent
deformations in unbound granular layers. The fatigue cracks develop at the bottom of
bound layers due to moving traffic (loading and unloading condition) would propagate up
to the surface of pavement with the increase in volume of moving traffic. The permanent
deformations in unbound layers lead to permanent deformations on the surface as well as
the upliftment of surface material along the edges of deformations. This upliftment of
material may cause cracking of surface in the later stages of the pavement. Therefore, the
performance of a flexible pavement is determined by the severity of surface cracks and
surface deformations.

The granular base pavements considered in this study consist of thin asphalt surfacings and
therefore it is considered that those pavements would not undergo fatigue cracks which lead
to failure of pavement. Furthermore, in this study, the granular base of the pavement is
considered as constructed according to the specifications outlined by road authorities and
therefore, it is assumed that the deformations which occur in this granular base are
insignificant. The subgrade, which is the in-situ soil stratum, is considered as the major
component that would affect the performance of these granular base pavements. Thus a
study on the behaviour of this nonlinear subgrade under the moving traffic is worthwhile to
assess the performance of the pavement. Additionally incorporating such behaviour into the
design charts of flexible pavements is imperative.

The two subgrade materials (with CBR values of 5 and 7) which are commonly available in
road corridors of Australia were selected to study the nonlinear behaviour under cyclic
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loading (in this study moving traffic is considered as cyclic loading). The curves showing
the relationship of stress with strain as well as the permanent strain (or residual strain) with
the number of load applications have been developed for both subgrade materials using
available literature. These developed curves were verified by applying them to subgrades of
two real pavement structures selected from Callington, South Australia and Beerburrum,
Queensland. In the preparation for this verification, a selected pavement block from each
pavement structure was modelled as a finite element model, the moving traffic was
considered as a cyclic loading and it was modelled as a stress pulse with a cycle time and
amplitude. All pavement materials except subgrade were modelled as linear elastic
materials whereas subgrades were modelled using the developed curves of stress versus
strain for two subgrade materials. These finite element models with modelled materials
were analysed when they were subjected to cyclic loading. Since an analysis with millions
of cycles of load applications would require enormous amount of computer time, the
analysis was carried out in stages. The developed curves of permanent strain versus number
of load applications for two subgrade materials were used to break down the analysis into
stages and to determine the strains and stresses in the subgrade materials at each stage. A
general purpose finite element computer code ABAQUS/Standard was used for all the
analyses. The maximum deformation computed on the surface at the end of each stage was
matched with the corresponding field measured maximum deformation for two pavement
structures selected from Callington and Beerburrum. The two pavement structures at
Callington and Beerburrum have been tested under the Accelerated Loading Facility (ALF)
which is capable of applying a cyclic loading on the pavement and reliable field measured
deformations were available for matching. The agreement between the computed
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deformations with the field measured deformations has shown that the curves developed for
studying the nonlinear behaviour of two selected subgrade materials under cyclic loading
were able to produce satisfactory results from the computer analyses.

After completing the verification described above, two sets of granular base pavements
with five different base thicknesses were analysed. The subgrade material in one set of
granular pavements was assumed to have a CBR value of 5, and the CBR value of subgrade
materials in the other set was assumed as 7. The developed curves of stress versus strain for
the materials having CBR values of 5 and 7 were used to model the nonlinear subgrade
materials in the two sets of granular base pavements. The developed curves of permanent
strain versus number of load applications were used to separate the analysis into different
stages. The maximum deformations computed from these analyses at a point on the
pavement surface were used to develop curves of deformation versus number of load
applications for each granular base pavement. Those developed curves were used to
estimate the number of load applications require to produce a 25mm deformation (or rut
depth) on surface for each pavement. The plots of base thickness of the granular pavement
against the estimated number of load applications were presented as the design charts (or
design curves) for the design of flexible granular base pavements with subgrades having
CBR values of 5 and 7.
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7.2

CONCLUSIONS

The observations made from the literature review of this study were outlined and discussed
in Section 6.2 of Chapter 6. The following conclusions are drawn from that discussion:
•

The use of finite element theory in the analysis of pavements would produce more
accurate results than the multi-layer elastic theory. This was supported by Duncan
et al. (1968), Raad and Figueroa (1980) and Harichandran et al. (1990);

•

The use of design charts in the design offices is more straightforward than the use
of complex computer programs for designing flexible pavements. Although finite
element theory would produce accurate results, the complex and expensive finite
element computer codes developed for the analysis of flexible pavements have not
been used in the design offices for routine design works. Therefore, if finite
element theory is to be introduced into design of flexible pavements, developing of
design charts incorporating that theory would be more appropriate rather than
developing complex and high cost finite element computer codes for design
offices; and

•

When studying the nonlinearity of pavement materials in laboratory, the testing of
pavement materials under repeated load triaxial test would be very useful. This is
supported by Seed et al. (1962), Ahmed and Larew (1963), Hicks and Monismith
(1971), Brown (1974), Brown et al. (1975), Boyce et al. (1976), Pidwerbesky
(1995) and Puppala et al. (2000). Although research studies have been carried out
on nonlinear behaviour of pavement materials under repeated loading, the results
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of such studies have not been used in the development of design charts. Therefore,
incorporating the results of repeated loading triaxial tests carried out on pavement
materials (especially granular materials including subgrade materials) in the
development of design charts, would be able to increase the confidence of design
engineers.
The observations made during the current study were discussed in Section 6.3 of Chapter 6.
The following conclusions are drawn from that discussion:
•

When modelling the pavement block as a finite element model by providing a
finer mesh near the vicinity of the load, would improve the accuracy of results.
This was supported by Cho et al. (1996). In this study considerable effort was
made to minimise the dimensions of the elements near the applied load of
pavement model. In view of the above the loaded area was divided into four
segments and those four segments were considered as top surfaces of four
elements in the surface layer as indicated in Table 5.1 of Chapter 5. The results
obtained for the normal stresses in the vertical Z direction at eight integration
points through the linear analysis are tabulated in Table 5.2 of Chapter 5. These
values show that the differences between minimum and maximum values
computed for the integration points of elements near the applied load were not
considerably significant;

•

The type of element suitable for modelling shall be a quadratic element with
second-order interpolation and this concept is supported by Cho et al. (1996) and
ABAQUS/Standard User’s Manual (1998). Therefore, in this study, 27 node
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quadratic elements with second-order interpolation and reduced integration were
used. Out of 27 integration points in 27 node element only 14 were taken into
consideration by the computer program for the calculation of stresses and strains
during the analyses due to the reduction in interpolation and that reduces the
computer time;
•

The pavement analysis carried out with repetitive loading (cyclic loading) would
produce reasonably accurate results provided that the materials are modelled
properly. In this study the moving traffic was considered as repetitive loading and
it was modelled as a stress pulse with a cycle time and amplitude. The subgrade
materials were modelled as nonlinear using developed stress versus strain curves
for each material. When these nonlinear subgrade materials were subjected to
cyclic loading it was assumed that the stresses and the strains would vary with the
applied number of load applications. The stresses and strains (termed as residual
stresses and residual strains or permanent strains in this study) corresponding to
various number of load applications were estimated using the developed curves of
permanent strain versus number of load applications and stress versus strain curves
of subgrade materials. The analysis was carried out in stages by submitting the
status (stress and strains) of nonlinear materials at each stage. The deformations
computed from the stages of analyses were in agreement with the field measured
deformations for the corresponding number of load applications and this shows
that the method selected for studying the behaviour of nonlinear materials under
cyclic loading was satisfactory. Therefore, it is revealed that by modelling the
nonlinear materials with curves which illustrate the variation of stresses and strains
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with the number of load applications, a pavement subjected to cyclic loading
would produce reasonably accurate results from the analysis; and
•

The prediction of a design life of a pavement by means of the results obtained
through an analysis carried out with repetitive loading is more reliable and valid
rather than predicting with static loading. The values of deformations resulted
from an analysis using finite element method with static loading and linear
materials were found to be less than the values obtained with repetitive loading
and nonlinear materials for the same pavement model (Hadi and Bodhinayake,
2001). These findings confirm that the design life predicted through an analysis
with static loading is greater than that of repetitive loading. This has been further
clarified by comparing the design curves developed in this study with the design
curves obtained from the results of CIRCLY (a computer program based on multilayer elastic theory). This comparison is illustrated in Figure 5.11 of Chapter 5.

7.3

RECOMMENDATIONS

The following recommendations are based on the conclusions drawn from this study:
•

The design chart developed for the design of granular base flexible pavements in
this study consists of two design curves. As illustrated in that chart, these design
curves are identified as CBR 5 and CBR 7. Moreover, those curves can be used for
the design of granular base pavements composed of subgrade materials with CBR
values 5 and 7. Therefore, analysis of pavements should be extended at least for the
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pavements having subgrade materials with CBR values 10 and 15 in order to
develop design curves for those CBR values. Since, the subgrade materials with
CBR values greater than 15 are rarely found in road corridors of Australia, further
studies on such subgrade materials may not be worthwhile;
•

The curves of stress versus strain as well as permanent strain versus number of load
applications were used in this study to ascertain the behaviour of nonlinear subgrade
materials under cyclic loading. Those curves were developed using the available
literature. In this development results of triaxial tests as well as repeated load
triaxial tests were considered. Therefore, if further studies are carried out on
subgrade materials and other pavement materials with repeated load triaxial test,
that would enable a designer to model and examine those materials explicitly.
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APPENDIX A

DETAILS OF CALLINGTON ALF TRIAL

The Australian Road Research Board (ARRB) has carried out a field trial with Accelerated
Loading Facility (ALF) in Callington, South Australia, during 1988-1989 (Kadar, 1991).
The tests were carried out to determine the performance of overlay treatments and modified
binders under accelerated full-scale loading. The ALF trial was conducted on the South
East Highway (presently South Eastern Freeway) near Callington, approximately 60km
East of Adelaide as shown in Figure A.1. The test strip layout and experimental locations
are shown in Figure A.2. A picture of ALF is shown in Figure A.3.

Figure A.1

Map showing the Callington ALF Site
(http://www.whereis.com/#session=Mjm=)
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Figure A.2

Test strip layout and experimental locations (Kadar, 1991)
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The Site No.5 (experimental Site No.3) is highlighted with a blue circle in Figure A.2. This
site is approximately located between the chainages 4670m and 4690m.

Figure A.3 – Picture of Accelerated Loading Facility of ARRB
(Courtesy of AUSTROADS)
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APPENDIX B

DETAILS OF BEERBURRUM ALF TRIAL

The ARRB has carried out ALF trials in Beerburrum, Queensland in 1992 (Vuong et al.,
1996). The tests were carried out to determine the performance of unbounded and stabilised
pavement materials under accelerated loading. The ALF trial was conduced on Bruce
Highway between Coochin and Mellum Creeks near Beerburrum as shown in Figure B.1.
The test strip layout and experimental locations are shown in Figure B.2.

Figure B.1 Map showing the Beerburrum ALF Site
(http://www.whereis.com/#session=ODc=)
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Figure B.2

Test strip layout and experimental locations (Vuong et al., 1996)
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The Site C (experimental Site No.3) is highlighted with a red circle in Figure B.2. This site
is approximately located between the chainages 430m and 450m.
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APPENDIX C
Sample input file used in the analyses with the finite element model of Site No.5,
Callington ALF Trial (Input file used for the 5th stage of the analysis)
*HEADING
**FLEXIBLE PAVEMENT ANALYSIS (Site No.5 Callington)
**UNITS IN M,N,Pa
**This is a comment card
*NODE
1001,0.,0.,0.
1003,0.066,0.,0.
1007,0.264,0.,0.
1009,0.400,0.,0.
1015,1.500,0.,0.
1061,0.,0.144,0.
1063,0.066,0.144,0.
1067,0.264,0.144,0.
1069,0.400,0.144,0.
1075,1.500,0.144,0.
1076,0.,0.2,0.
1078,0.066,0.2,0.
1082,0.264,0.2,0.
1084,0.400,0.2,0.
1090,1.500,0.2,0.
1121,0.,0.350,0.
1123,0.066,0.350,0.
1127,0.264,0.350,0.
1129,0.400,0.350,0.
1135,1.500,0.350,0.
1151,0.,0.5,0.
1153,0.066,0.5,0.
1157,0.264,0.5,0.
1159,0.400,0.5,0.
1165,1.500,0.5,0.
1211,0.,0.9,0.
1213,0.066,0.9,0.
1217,0.264,0.9,0.
1219,0.400,0.9,0.
1225,1.500,0.9,0.
1271,0.,1.5,0.
1273,0.066,1.5,0.
1277,0.264,1.5,0.
1279,0.400,1.5,0.
1285,1.500,1.5,0.
*NGEN,NSET=SET1
1001,1003,1
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1003,1007,1
1007,1009,1
1009,1015,1
*NGEN,NSET=SET2
1061,1063,1
1063,1067,1
1067,1069,1
1069,1075,1
*NGEN,NSET=SET3
1076,1078,1
1078,1082,1
1082,1084,1
1084,1090,1
*NGEN,NSET=SET4
1121,1123,1
1123,1127,1
1127,1129,1
1129,1135,1
*NGEN,NSET=SET5
1151,1153,1
1153,1157,1
1157,1159,1
1159,1165,1
*NGEN,NSET=SET6
1211,1213,1
1213,1217,1
1217,1219,1
1219,1225,1
*NGEN,NSET=SET7
1271,1273,1
1273,1277,1
1277,1279,1
1279,1285,1
*NFILL,NSET=SET11
SET1,SET2,4,15
*NFILL,NSET=SET22
SET3,SET4,3,15
*NFILL,NSET=SET33
SET4,SET5,2,15
*NFILL,NSET=SET44
SET5,SET6,4,15
*NFILL,NSET=SET55
SET6,SET7,4,15
*NSET,NSET=SET66
SET2,SET3
*NSET,NSET=LAYER1
SET11,SET66,SET22,SET33,SET44,SET55

256

*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER5,SHIFT,OLD SET=LAYER1
0.0,0.0,1.200
0.0,
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER9,SHIFT,OLD SET=LAYER5
0.0,0.0,0.800
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER11,SHIFT,OLD SET=LAYER9
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER13,SHIFT,OLD
SET=LAYER11
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER15,SHIFT,OLD
SET=LAYER13
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER17,SHIFT,OLD
SET=LAYER15
0.0,0.0,0.070
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER19,SHIFT,OLD
SET=LAYER17
0.0,0.0,0.075
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER21,SHIFT,OLD
SET=LAYER19
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER25,SHIFT,OLD
SET=LAYER21
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER27,SHIFT,OLD
SET=LAYER25
0.0,0.0,0.030
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER29,SHIFT,OLD
SET=LAYER27
0.0,0.0,0.085
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER31,SHIFT,OLD
SET=LAYER29
0.0,0.0,0.055
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER33,SHIFT,OLD
SET=LAYER31
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0.0,0.0,0.045
0.0,
*NFILL,NSET=SUBGRADE
LAYER1,LAYER5,4,500
LAYER5,LAYER9,4,500
LAYER9,LAYER11,2,500
*NFILL,NSET=ROCKFILL
LAYER11,LAYER13,2,500
LAYER13,LAYER15,2,500
LAYER15,LAYER17,2,500
*NFILL,NSET=FILL
LAYER17,LAYER19,2,500
LAYER19,LAYER21,2,500
*NFILL,NSET=SUBBASE
LAYER21,LAYER25,4,500
LAYER25,LAYER27,2,500
*NFILL,NSET=BASE
LAYER27,LAYER29,2,500
*NFILL,NSET=ASPHALT20
LAYER29,LAYER31,2,500
*NFILL,NSET=ASPHALT14
LAYER31,LAYER33,2,500
*NSET,NSET=BOTXEDGE
1002,1003,1004,1005,1006,1007,1008,1009,1010,1011,
1012,1013,1014,1015
*NSET,NSET=BOTYEDGE
1016,1031,1046,1061,1076,1091,1106,1121,1136,1151,
1166,1181,1196,1211,1226,1241,1256,1271
*NSET,NSET=MIDEDGE
1501,2001,2501,3001,3501,4001,4501,5001,5501,6001,
6501,7001,7501,8001,8501,9001,9501,10001,10501,11001,
11501,12001,12501,13001,13501,14001,14501,15001,15501,16001,
16501,17001
*NSET,NSET=XZPLANE
1502,1503,1504,1505,1506,1507,1508,1509,1510,1511,
1512,1513,1514,1515,2002,2003,2004,2005,2006,2007,
2008,2009,2010,2011,2012,2013,2014,2015,2502,2503,
2504,2505,2506,2507,2508,2509,2510,2511,2512,2513,
2514,2515,3002,3003,3004,3005,3006,3007,3008,3009,
3010,3011,3012,3013,3014,3015,3502,3503,3504,3505,
3506,3507,3508,3509,3510,3511,3512,3513,3514,3515,
4002,4003,4004,4005,4006,4007,4008,4009,4010,4011,
4012,4013,4014,4015,4502,4503,4504,4505,4506,4507,
4508,4509,4510,4511,4512,4513,4514,4515,5002,5003,
5004,5005,5006,5007,5008,5009,5010,5011,5012,5013,
5014,5015,5502,5503,5504,5505,5506,5507,5508,5509,
5510,5511,5512,5513,5514,5515,6002,6003,6004,6005,
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6006,6007,6008,6009,6010,6011,6012,6013,6014,6015,
6502,6503,6504,6505,6506,6507,6508,6509,6510,6511,
6512,6513,6514,6515,7002,7003,7004,7005,7006,7007,
7008,7009,7010,7011,7012,7013,7014,7015,7502,7503,
7504,7505,7506,7507,7508,7509,7510,7511,7512,7513,
7514,7515,8002,8003,8004,8005,8006,8007,8008,8009,
8010,8011,8012,8013,8014,8015,8502,8503,8504,8505,
8506,8507,8508,8509,8510,8511,8512,8513,8514,8515,
9002,9003,9004,9005,9006,9007,9008,9009,9010,9011,
9012,9013,9014,9015,9502,9503,9504,9505,9506,9507,
9508,9509,9510,9511,9512,9513,9514,9515,10002,10003,
10004,10005,10006,10007,10008,10009,10010,10011,10012,10013,
10014,10015,10502,10503,10504,10505,10506,10507,10508,10509,
10510,10511,10512,10513,10514,10515,11002,11003,11004,11005,
11006,11007,11008,11009,11010,11011,11012,11013,11014,11015,
11502,11503,11504,11505,11506,11507,11508,11509,11510,11511,
11512,11513,11514,11515,12002,12003,12004,12005,12006,12007,
12008,12009,12010,12011,12012,12013,12014,12015,12502,12503,
12504,12505,12506,12507,12508,12509,12510,12511,12512,12513,
12514,12515,13002,13003,13004,13005,13006,13007,13008,13009,
13010,13011,13012,13013,13014,13015,13502,13503,13504,13505,
13506,13507,13508,13509,13510,13511,13512,13513,13514,13515,
14002,14003,14004,14005,14006,14007,14008,14009,14010,14011,
14012,14013,14014,14015,14502,14503,14504,14505,14506,14507,
14508,14509,14510,14511,14512,14513,14514,14515,15002,15003,
15004,15005,15006,15007,15008,15009,15010,15011,15012,15013,
15014,15015,15502,15503,15504,15505,15506,15507,15508,15509,
15510,15511,15512,15513,15514,15515,16002,16003,16004,16005,
16006,16007,16008,16009,16010,16011,16012,16013,16014,16015,
16502,16503,16504,16505,16506,16507,16508,16509,16510,16511,
16512,16513,16514,16515,17002,17003,17004,17005,17006,17007,
17008,17009,17010,17011,17012,17013,17014,17015
*NSET,NSET=YZPLANE
1516,1531,1546,1561,1576,1591,1606,1621,1636,1651,
1666,1681,1696,1711,1726,1741,1756,1771,2016,2031,
2046,2061,2076,2091,2106,2121,2136,2151,2166,2181,
2196,2211,2226,2241,2256,2271,2516,2531,2546,2561,
2576,2591,2606,2621,2636,2651,2666,2681,2696,2711,
2726,2741,2756,2771,3016,3031,3046,3061,3076,3091,
3106,3121,3136,3151,3166,3181,3196,3211,3226,3241,
3256,3271,3516,3531,3546,3561,3576,3591,3606,3621,
3636,3651,3666,3681,3696,3711,3726,3741,3756,3771,
4016,4031,4046,4061,4076,4091,4106,4121,4136,4151,
4166,4181,4196,4211,4226,4241,4256,4271,4516,4531,
4546,4561,4576,4591,4606,4621,4636,4651,4666,4681,
4696,4711,4726,4741,4756,4771,5016,5031,5046,5061,
5076,5091,5106,5121,5136,5151,5166,5181,5196,5211,
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5226,5241,5256,5271,5516,5531,5546,5561,5576,5591,
5606,5621,5636,5651,5666,5681,5696,5711,5726,5741,
5756,5771,6016,6031,6046,6061,6076,6091,6106,6121,
6136,6151,6166,6181,6196,6211,6226,6241,6256,6271,
6516,6531,6546,6561,6576,6591,6606,6621,6636,6651,
6666,6681,6696,6711,6726,6741,6756,6771,7016,7031,
7046,7061,7076,7091,7106,7121,7136,7151,7166,7181,
7196,7211,7226,7241,7256,7271,7516,7531,7546,7561,
7576,7591,7606,7621,7636,7651,7666,7681,7696,7711,
7726,7741,7756,7771,8016,8031,8046,8061,8076,8091,
8106,8121,8136,8151,8166,8181,8196,8211,8226,8241,
8256,8271,8516,8531,8546,8561,8576,8591,8606,8621,
8636,8651,8666,8681,8696,8711,8726,8741,8756,8771,
9016,9031,9046,9061,9076,9091,9106,9121,9136,9151,
9166,9181,9196,9211,9226,9241,9256,9271,9516,9531,
9546,9561,9576,9591,9606,9621,9636,9651,9666,9681,
9696,9711,9726,9741,9756,9771,10016,10031,10046,10061,
10076,10091,10106,10121,10136,10151,10166,10181,10196,10211,
10226,10241,10256,10271,10516,10531,10546,10561,10576,10591,
10606,10621,10636,10651,10666,10681,10696,10711,10726,10741,
10756,10771,11016,11031,11046,11061,11076,11091,11106,11121,
11136,11151,11166,11181,11196,11211,11226,11241,11256,11271,
11516,11531,11546,11561,11576,11591,11606,11621,11636,11651,
11666,11681,11696,11711,11726,11741,11756,11771,12016,12031,
12046,12061,12076,12091,12106,12121,12136,12151,12166,12181,
12196,12211,12226,12241,12256,12271,12516,12531,12546,12561,
12576,12591,12606,12621,12636,12651,12666,12681,12696,12711,
12726,12741,12756,12771,13016,13031,13046,13061,13076,13091,
13106,13121,13136,13151,13166,13181,13196,13211,13226,13241,
13256,13271,13516,13531,13546,13561,13576,13591,13606,13621,
13636,13651,13666,13681,13696,13711,13726,13741,13756,13771,
14016,14031,14046,14061,14076,14091,14106,14121,14136,14151,
14166,14181,14196,14211,14226,14241,14256,14271,14516,14531,
14546,14561,14576,14591,14606,14621,14636,14651,14666,14681,
14696,14711,14726,14741,14756,14771,15016,15031,15046,15061,
15076,15091,15106,15121,15136,15151,15166,15181,15196,15211,
15226,15241,15256,15271,15516,15531,15546,15561,15576,15591,
15606,15621,15636,15651,15666,15681,15696,15711,15726,15741,
15756,15771,16016,16031,16046,16061,16076,16091,16106,16121,
16136,16151,16166,16181,16196,16211,16226,16241,16256,16271,
16516,16531,16546,16561,16576,16591,16606,16621,16636,16651,
16666,16681,16696,16711,16726,16741,16756,16771,17016,17031,
17046,17061,17076,17091,17106,17121,17136,17151,17166,17181,
17196,17211,17226,17241,17256,17271
*NSET,NSET=BOTPLANE
1017,1018,1019,1020,1021,1022,1023,1024,1025,1026,
1027,1028,1029,1030,1032,1033,1034,1035,1036,1037,
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1038,1039,1040,1041,1042,1043,1044,1045,1047,1048,
1049,1050,1051,1052,1053,1054,1055,1056,1057,1058,
1059,1060,1062,1063,1064,1065,1066,1067,1068,1069,
1070,1071,1072,1073,1074,1075,1077,1078,1079,1080,
1081,1082,1083,1084,1085,1086,1087,1088,1089,1090,
1092,1093,1094,1095,1096,1097,1098,1099,1100,1101,
1102,1103,1104,1105,1107,1108,1109,1110,1111,1112,
1113,1114,1115,1116,1117,1118,1119,1120,1122,1123,
1124,1125,1126,1127,1128,1129,1130,1131,1132,1133,
1134,1135,1137,1138,1139,1140,1141,1142,1143,1144,
1145,1146,1147,1148,1149,1150,1152,1153,1154,1155,
1156,1157,1158,1159,1160,1161,1162,1163,1164,1165,
1167,1168,1169,1170,1171,1172,1173,1174,1175,1176,
1177,1178,1179,1180,1182,1183,1184,1185,1186,1187,
1188,1189,1190,1191,1192,1193,1194,1195,1197,1198,
1199,1200,1201,1202,1203,1204,1205,1206,1207,1208,
1209,1210,1212,1213,1214,1215,1216,1217,1218,1219,
1220,1221,1222,1223,1224,1225,1227,1228,1229,1230,
1231,1232,1233,1234,1235,1236,1237,1238,1239,1240,
1242,1243,1244,1245,1246,1247,1248,1249,1250,1251,
1252,1253,1254,1255,1257,1258,1259,1260,1261,1262,
1263,1264,1265,1266,1267,1268,1269,1270,1272,1273,
1274,1275,1276,1277,1278,1279,1280,1281,1282,1283,
1284,1285
*NSET,NSET=RESULTS
5505,5535,5565,5580,5595,6005,6035,6065,6080,6095,
8505,8535,8565,8580,8595,9005,9035,9065,9080,9095,
10505,10535,10565,10580,10595,11005,11035,11065,11080,11095,
13505,13535,13565,13580,13595,14005,14035,14065,14080,14095,
14505,14535,14565,14580,14595,15005,15035,15065,15080,15095,
15505,15535,15565,15580,15595,16005,16035,16065,16080,16095,
16505,16535,16565,16580,16595,17005,17035,17065,17080,17095
*ELEMENT,TYPE=C3D27R
1,1001,1003,1033,1031,2001,2003,2033,2031,1002,1018,
1032,1016,2002,2018,2032,2016,1501,1503,1533,1531,
1517,1017,2017,1502,1518,1532,1516
*ELEMENT,TYPE=C3D27R
501,6001,6003,6033,6031,7001,7003,7033,7031,6002,6018,
6032,6016,7002,7018,7032,7016,6501,6503,6533,6531,
6517,6017,7017, 6502,6518,6532,6516
*ELEMENT,TYPE=C3D27R
801,9001,9003,9033,9031,10001,10003,10033,10031,9002,9018,
9032,9016,10002,10018,10032,10016,9501,9503,9533,9531,
9517,9017,10017,9502,9518,9532,9516
*ELEMENT,TYPE=C3D27R
1001,11001,11003,11033,11031,12001,12003,12033,12031,11002,
11018,11032,11016,12002,12018,12032,12016,11501,11503,11533,
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11531,11517,11017,12017,11502,11518,11532,11516
*ELEMENT,TYPE=C3D27R
1301,14001,14003,14033,14031,15001,15003,15033,15031,14002,
14018,14032,14016,15002,15018,15032,15016,14501,14503,14533,
14531,14517,14017,15017,14502,14518,14532,14516
*ELEMENT,TYPE=C3D27R
1401,15001,15003,15033,15031,16001,16003,16033,16031,15002,
15018,15032,15016,16002,16018,16032,16016,15501,15503,15533,
15531,15517,15017,16017,15502,15518,15532,15516
*ELEMENT,TYPE=C3D27R
1501,16001,16003,16033,16031,17001,17003,17033,17031,16002,
16018,16032,16016,17002,17018,17032,17016,16501,16503,16533,
16531,16517,16017,17017,16502,16518,16532,16516
*ELGEN,ELSET=SUBGRADE
1,7,2,1,9,30,10,5,1000,100
*ELGEN,ELSET=ROCKFILL
501,7,2,1,9,30,10,3,1000,100
*ELGEN,ELSET=FILL
801,7,2,1,9,30,10,2,1000,100
*ELGEN,ELSET=SUBBASE
1001,7,2,1,9,30,10,3,1000,100
*ELGEN,ELSET=BASE
1301,7,2,1,9,30,10
*ELGEN,ELSET=ASPHALT20
1401,7,2,1,9,30,10
*ELGEN,ELSET=ASPHALT14
1501,7,2,1,9,30,10
*ELSET,ELSET=RESULTS
1502,1503,1512,1513,1507,1581,
1402,1403,1412,1413,1407,1481,
1302,1303,1312,1313,1307,1381,
1002,1003,1012,1013,1007,1081,
802,803,812,813,807,881,
502,503,512,513,507,581,
2,3,12,13,7,81
*SOLID SECTION,MATERIAL=MAT1,ELSET=SUBGRADE
*SOLID SECTION,MATERIAL=MAT2,ELSET=ROCKFILL
*SOLID SECTION,MATERIAL=MAT3,ELSET=FILL
*SOLID SECTION,MATERIAL=MAT4,ELSET=SUBBASE
*SOLID SECTION,MATERIAL=MAT5,ELSET=BASE
*SOLID SECTION,MATERIAL=MAT6,ELSET=ASPHALT20
*SOLID SECTION,MATERIAL=MAT7,ELSET=ASPHALT14
*MATERIAL,NAME=MAT1
*ELASTIC
5.52E7,.35
*MOHR COULOMB
15,22
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*MOHR COULOMB HARDENING
2.76E4,0.0
3.49E4,0.0003674
4.17E4,0.0012437
4.68E4,0.0021519
5.11E4,0.0030738
5.49E4,0.0040046
7.04E4,0.0087241
8.28E4,0.0134999
9.35E4,0.0183055
10.32E4,0.0231301
11.21E4,0.0279685
12.04E4,0.0328178
12.84E4,0.0376729
13.08E4,0.0426305
13.24E4,0.0476002
*MATERIAL,NAME=MAT2
*ELASTIC
6.21E7,.35
*MATERIAL,NAME=MAT3
*ELASTIC
6.5E7,.35
*MATERIAL,NAME=MAT4
*ELASTIC
3.0E8,.35
*MATERIAL,NAME=MAT5
*ELASTIC
5.0E8,.35
*MATERIAL,NAME=MAT6
*ELASTIC
2.4E9,.4
*MATERIAL,NAME=MAT7
*ELASTIC
2.8E9,.4
*BOUNDARY
BOTXEDGE,2,3
BOTYEDGE,1
BOTYEDGE,3
MIDEDGE,1,2
1001,1,3
XZPLANE,2
YZPLANE,1
BOTPLANE,3
*AMPLITUDE,NAME=ALFLOAD,DEFINITION=TABULAR,TIME=STEP TIME
0.0,0.0,0.25,1.0,0.5,0.0,0.75,1.0
1.0,0.0,1.25,1.0,1.5,0.0,1.75,1.0
2.0,0.0,2.25,1.0,2.5,0.0,2.75,1.0
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3.0,0.0,3.25,1.0,3.5,0.0,3.75,1.0
4.0,0.0,4.25,1.0,4.5,0.0,4.75,1.0
5.0,0.0,5.25,1.0,5.5,0.0,5.75,1.0
6.0,0.0,6.25,1.0,6.5,0.0,6.75,1.0
7.0,0.0,7.25,1.0,7.5,0.0,7.75,1.0
8.0,0.0,8.25,1.0,8.5,0.0,8.75,1.0
9.0,0.0,9.25,1.0,9.5,0.0,9.75,1.0
10.0,0.0,10.25,1.0,10.5,0.0,10.75,1.0
11.0,0.0,11.25,1.0,11.5,0.0,11.75,1.0
12.0,0.0,12.25,1.0,12.5,0.0,12.75,1.0
13.0,0.0,13.25,1.0,13.5,0.0,13.75,1.0
14.0,0.0,14.25,1.0,14.5,0.0,14.75,1.0
15.0,0.0,15.25,1.0,15.5,0.0,15.75,1.0
16.0,0.0,16.25,1.0,16.5,0.0,16.75,1.0
17.0,0.0,17.25,1.0,17.5,0.0,17.75,1.0
18.0,0.0,18.25,1.0,18.5,0.0,18.75,1.0
19.0,0.0,19.25,1.0,19.5,0.0,19.75,1.0
20.0,0.0,20.25,1.0,20.5,0.0,20.75,1.0
21.0,0.0,21.25,1.0,21.5,0.0,21.75,1.0
22.0,0.0,22.25,1.0,22.5,0.0,22.75,1.0
23.0,0.0,23.25,1.0,23.5,0.0,23.75,1.0
24.0,0.0,24.25,1.0,24.5,0.0,24.75,1.0
25.0,0.0
*INITIAL CONDITIONS,TYPE=STRESS
SUBGRADE,-5.8E4,-5.8E4,5.8E4,2.16E4,2.16E4,2.16E4
*STEP,AMPLITUDE=RAMP,INC=12500,EXTRAPOLATION=NO
APPLY DISTRIBUTED LOAD
*STATIC
2.0E-10,25.0,
*CONTROLS,PARAMETERS=TIME INCREMENTATION
7,15,
*SOLUTION TECHNIQUE,TYPE=QUASI-NEWTON,REFORM KERNEL=9
*BOUNDARY
BOTXEDGE,2,3
BOTYEDGE,1
BOTYEDGE,3
MIDEDGE,1,2
1001,1,3
XZPLANE,2
YZPLANE,1
BOTPLANE,3
*DLOAD,AMPLITUDE=ALFLOAD
1502,P2,700000
1503,P2,700000
1512,P2,700000
1513,P2,700000
*NODE PRINT,NSET=RESULTS,FREQ=10
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U,
*NODE FILE,FREQ=10
U,
*END STEP
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APPENDIX D
Sample input file used in the analyses with the finite element model of Site C,
Beerburrum ALF Trial (Input file used for the 5th stage of the analysis)
*HEADING
**FLEXIBLE PAVEMENT ANALYSIS (Site.C Beerburrum)
**UNITS IN M,N,Pa
**This is a comment card
*NODE
1001,0.,0.,0.
1003,0.066,0.,0.
1007,0.264,0.,0.
1009,0.400,0.,0.
1015,1.500,0.,0.
1061,0.,0.144,0.
1063,0.066,0.144,0.
1067,0.264,0.144,0.
1069,0.400,0.144,0.
1075,1.500,0.144,0.
1076,0.,0.2,0.
1078,0.066,0.2,0.
1082,0.264,0.2,0.
1084,0.400,0.2,0.
1090,1.500,0.2,0.
1121,0.,0.350,0.
1123,0.066,0.350,0.
1127,0.264,0.350,0.
1129,0.400,0.350,0.
1135,1.500,0.350,0.
1151,0.,0.5,0.
1153,0.066,0.5,0.
1157,0.264,0.5,0.
1159,0.400,0.5,0.
1165,1.500,0.5,0.
1211,0.,0.9,0.
1213,0.066,0.9,0.
1217,0.264,0.9,0.
1219,0.400,0.9,0.
1225,1.500,0.9,0.
1271,0.,1.5,0.
1273,0.066,1.5,0.
1277,0.264,1.5,0.
1279,0.400,1.5,0.
1285,1.500,1.5,0.
*NGEN,NSET=SET1
1001,1003,1
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1003,1007,1
1007,1009,1
1009,1015,1
*NGEN,NSET=SET2
1061,1063,1
1063,1067,1
1067,1069,1
1069,1075,1
*NGEN,NSET=SET3
1076,1078,1
1078,1082,1
1082,1084,1
1084,1090,1
*NGEN,NSET=SET4
1121,1123,1
1123,1127,1
1127,1129,1
1129,1135,1
*NGEN,NSET=SET5
1151,1153,1
1153,1157,1
1157,1159,1
1159,1165,1
*NGEN,NSET=SET6
1211,1213,1
1213,1217,1
1217,1219,1
1219,1225,1
*NGEN,NSET=SET7
1271,1273,1
1273,1277,1
1277,1279,1
1279,1285,1
*NFILL,NSET=SET11
SET1,SET2,4,15
*NFILL,NSET=SET22
SET3,SET4,3,15
*NFILL,NSET=SET33
SET4,SET5,2,15
*NFILL,NSET=SET44
SET5,SET6,4,15
*NFILL,NSET=SET55
SET6,SET7,4,15
*NSET,NSET=SET66
SET2,SET3
*NSET,NSET=LAYER1
SET11,SET66,SET22,SET33,SET44,SET55
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*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER5,SHIFT,OLD SET=LAYER1
0.0,0.0,1.200
0.0,
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER9,SHIFT,OLD SET=LAYER5
0.0,0.0,0.600
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER11,SHIFT,OLD SET=LAYER9
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER13,SHIFT,OLD
SET=LAYER11
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER15,SHIFT,OLD
SET=LAYER13
0.0,0.0,0.150
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER17,SHIFT,OLD
SET=LAYER15
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER19,SHIFT,OLD
SET=LAYER17
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER21,SHIFT,OLD
SET=LAYER19
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER25,SHIFT,OLD
SET=LAYER21
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER27,SHIFT,OLD
SET=LAYER25
0.0,0.0,0.050
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER29,SHIFT,OLD
SET=LAYER27
0.0,0.0,0.050
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER31,SHIFT,OLD
SET=LAYER29
0.0,0.0,0.025
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER33,SHIFT,OLD
SET=LAYER31

268

0.0,0.0,0.025
0.0,
*NFILL,NSET=SUBGRADE
LAYER1,LAYER5,4,500
LAYER5,LAYER9,4,500
LAYER9,LAYER11,2,500
LAYER11,LAYER13,2,500
LAYER13,LAYER15,2,500
*NFILL,NSET=SUBBASE
LAYER15,LAYER17,2,500
LAYER17,LAYER19,2,500
LAYER19,LAYER21,2,500
LAYER21,LAYER25,4,500
*NFILL,NSET=BASE
LAYER25,LAYER27,2,500
LAYER27,LAYER29,2,500
LAYER29,LAYER31,2,500
*NFILL,NSET=SURFACE
LAYER31,LAYER33,2,500
*NSET,NSET=BOTXEDGE
1002,1003,1004,1005,1006,1007,1008,1009,1010,1011,
1012,1013,1014,1015
*NSET,NSET=BOTYEDGE
1016,1031,1046,1061,1076,1091,1106,1121,1136,1151,
1166,1181,1196,1211,1226,1241,1256,1271
*NSET,NSET=MIDEDGE
1501,2001,2501,3001,3501,4001,4501,5001,5501,6001,
6501,7001,7501,8001,8501,9001,9501,10001,10501,11001,
11501,12001,12501,13001,13501,14001,14501,15001,15501,16001,
16501,17001
*NSET,NSET=XZPLANE
1502,1503,1504,1505,1506,1507,1508,1509,1510,1511,
1512,1513,1514,1515,2002,2003,2004,2005,2006,2007,
2008,2009,2010,2011,2012,2013,2014,2015,2502,2503,
2504,2505,2506,2507,2508,2509,2510,2511,2512,2513,
2514,2515,3002,3003,3004,3005,3006,3007,3008,3009,
3010,3011,3012,3013,3014,3015,3502,3503,3504,3505,
3506,3507,3508,3509,3510,3511,3512,3513,3514,3515,
4002,4003,4004,4005,4006,4007,4008,4009,4010,4011,
4012,4013,4014,4015,4502,4503,4504,4505,4506,4507,
4508,4509,4510,4511,4512,4513,4514,4515,5002,5003,
5004,5005,5006,5007,5008,5009,5010,5011,5012,5013,
5014,5015,5502,5503,5504,5505,5506,5507,5508,5509,
5510,5511,5512,5513,5514,5515,6002,6003,6004,6005,
6006,6007,6008,6009,6010,6011,6012,6013,6014,6015,
6502,6503,6504,6505,6506,6507,6508,6509,6510,6511,
6512,6513,6514,6515,7002,7003,7004,7005,7006,7007,
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7008,7009,7010,7011,7012,7013,7014,7015,7502,7503,
7504,7505,7506,7507,7508,7509,7510,7511,7512,7513,
7514,7515,8002,8003,8004,8005,8006,8007,8008,8009,
8010,8011,8012,8013,8014,8015,8502,8503,8504,8505,
8506,8507,8508,8509,8510,8511,8512,8513,8514,8515,
9002,9003,9004,9005,9006,9007,9008,9009,9010,9011,
9012,9013,9014,9015,9502,9503,9504,9505,9506,9507,
9508,9509,9510,9511,9512,9513,9514,9515,10002,10003,
10004,10005,10006,10007,10008,10009,10010,10011,10012,10013,
10014,10015,10502,10503,10504,10505,10506,10507,10508,10509,
10510,10511,10512,10513,10514,10515,11002,11003,11004,11005,
11006,11007,11008,11009,11010,11011,11012,11013,11014,11015,
11502,11503,11504,11505,11506,11507,11508,11509,11510,11511,
11512,11513,11514,11515,12002,12003,12004,12005,12006,12007,
12008,12009,12010,12011,12012,12013,12014,12015,12502,12503,
12504,12505,12506,12507,12508,12509,12510,12511,12512,12513,
12514,12515,13002,13003,13004,13005,13006,13007,13008,13009,
13010,13011,13012,13013,13014,13015,13502,13503,13504,13505,
13506,13507,13508,13509,13510,13511,13512,13513,13514,13515,
14002,14003,14004,14005,14006,14007,14008,14009,14010,14011,
14012,14013,14014,14015,14502,14503,14504,14505,14506,14507,
14508,14509,14510,14511,14512,14513,14514,14515,15002,15003,
15004,15005,15006,15007,15008,15009,15010,15011,15012,15013,
15014,15015,15502,15503,15504,15505,15506,15507,15508,15509,
15510,15511,15512,15513,15514,15515,16002,16003,16004,16005,
16006,16007,16008,16009,16010,16011,16012,16013,16014,16015,
16502,16503,16504,16505,16506,16507,16508,16509,16510,16511,
16512,16513,16514,16515,17002,17003,17004,17005,17006,17007,
17008,17009,17010,17011,17012,17013,17014,17015
*NSET,NSET=YZPLANE
1516,1531,1546,1561,1576,1591,1606,1621,1636,1651,
1666,1681,1696,1711,1726,1741,1756,1771,2016,2031,
2046,2061,2076,2091,2106,2121,2136,2151,2166,2181,
2196,2211,2226,2241,2256,2271,2516,2531,2546,2561,
2576,2591,2606,2621,2636,2651,2666,2681,2696,2711,
2726,2741,2756,2771,3016,3031,3046,3061,3076,3091,
3106,3121,3136,3151,3166,3181,3196,3211,3226,3241,
3256,3271,3516,3531,3546,3561,3576,3591,3606,3621,
3636,3651,3666,3681,3696,3711,3726,3741,3756,3771,
4016,4031,4046,4061,4076,4091,4106,4121,4136,4151,
4166,4181,4196,4211,4226,4241,4256,4271,4516,4531,
4546,4561,4576,4591,4606,4621,4636,4651,4666,4681,
4696,4711,4726,4741,4756,4771,5016,5031,5046,5061,
5076,5091,5106,5121,5136,5151,5166,5181,5196,5211,
5226,5241,5256,5271,5516,5531,5546,5561,5576,5591,
5606,5621,5636,5651,5666,5681,5696,5711,5726,5741,
5756,5771,6016,6031,6046,6061,6076,6091,6106,6121,
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6136,6151,6166,6181,6196,6211,6226,6241,6256,6271,
6516,6531,6546,6561,6576,6591,6606,6621,6636,6651,
6666,6681,6696,6711,6726,6741,6756,6771,7016,7031,
7046,7061,7076,7091,7106,7121,7136,7151,7166,7181,
7196,7211,7226,7241,7256,7271,7516,7531,7546,7561,
7576,7591,7606,7621,7636,7651,7666,7681,7696,7711,
7726,7741,7756,7771,8016,8031,8046,8061,8076,8091,
8106,8121,8136,8151,8166,8181,8196,8211,8226,8241,
8256,8271,8516,8531,8546,8561,8576,8591,8606,8621,
8636,8651,8666,8681,8696,8711,8726,8741,8756,8771,
9016,9031,9046,9061,9076,9091,9106,9121,9136,9151,
9166,9181,9196,9211,9226,9241,9256,9271,9516,9531,
9546,9561,9576,9591,9606,9621,9636,9651,9666,9681,
9696,9711,9726,9741,9756,9771,10016,10031,10046,10061,
10076,10091,10106,10121,10136,10151,10166,10181,10196,10211,
10226,10241,10256,10271,10516,10531,10546,10561,10576,10591,
10606,10621,10636,10651,10666,10681,10696,10711,10726,10741,
10756,10771,11016,11031,11046,11061,11076,11091,11106,11121,
11136,11151,11166,11181,11196,11211,11226,11241,11256,11271,
11516,11531,11546,11561,11576,11591,11606,11621,11636,11651,
11666,11681,11696,11711,11726,11741,11756,11771,12016,12031,
12046,12061,12076,12091,12106,12121,12136,12151,12166,12181,
12196,12211,12226,12241,12256,12271,12516,12531,12546,12561,
12576,12591,12606,12621,12636,12651,12666,12681,12696,12711,
12726,12741,12756,12771,13016,13031,13046,13061,13076,13091,
13106,13121,13136,13151,13166,13181,13196,13211,13226,13241,
13256,13271,13516,13531,13546,13561,13576,13591,13606,13621,
13636,13651,13666,13681,13696,13711,13726,13741,13756,13771,
14016,14031,14046,14061,14076,14091,14106,14121,14136,14151,
14166,14181,14196,14211,14226,14241,14256,14271,14516,14531,
14546,14561,14576,14591,14606,14621,14636,14651,14666,14681,
14696,14711,14726,14741,14756,14771,15016,15031,15046,15061,
15076,15091,15106,15121,15136,15151,15166,15181,15196,15211,
15226,15241,15256,15271,15516,15531,15546,15561,15576,15591,
15606,15621,15636,15651,15666,15681,15696,15711,15726,15741,
15756,15771,16016,16031,16046,16061,16076,16091,16106,16121,
16136,16151,16166,16181,16196,16211,16226,16241,16256,16271,
16516,16531,16546,16561,16576,16591,16606,16621,16636,16651,
16666,16681,16696,16711,16726,16741,16756,16771,17016,17031,
17046,17061,17076,17091,17106,17121,17136,17151,17166,17181,
17196,17211,17226,17241,17256,17271
*NSET,NSET=BOTPLANE
1017,1018,1019,1020,1021,1022,1023,1024,1025,1026,
1027,1028,1029,1030,1032,1033,1034,1035,1036,1037,
1038,1039,1040,1041,1042,1043,1044,1045,1047,1048,
1049,1050,1051,1052,1053,1054,1055,1056,1057,1058,
1059,1060,1062,1063,1064,1065,1066,1067,1068,1069,
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1070,1071,1072,1073,1074,1075,1077,1078,1079,1080,
1081,1082,1083,1084,1085,1086,1087,1088,1089,1090,
1092,1093,1094,1095,1096,1097,1098,1099,1100,1101,
1102,1103,1104,1105,1107,1108,1109,1110,1111,1112,
1113,1114,1115,1116,1117,1118,1119,1120,1122,1123,
1124,1125,1126,1127,1128,1129,1130,1131,1132,1133,
1134,1135,1137,1138,1139,1140,1141,1142,1143,1144,
1145,1146,1147,1148,1149,1150,1152,1153,1154,1155,
1156,1157,1158,1159,1160,1161,1162,1163,1164,1165,
1167,1168,1169,1170,1171,1172,1173,1174,1175,1176,
1177,1178,1179,1180,1182,1183,1184,1185,1186,1187,
1188,1189,1190,1191,1192,1193,1194,1195,1197,1198,
1199,1200,1201,1202,1203,1204,1205,1206,1207,1208,
1209,1210,1212,1213,1214,1215,1216,1217,1218,1219,
1220,1221,1222,1223,1224,1225,1227,1228,1229,1230,
1231,1232,1233,1234,1235,1236,1237,1238,1239,1240,
1242,1243,1244,1245,1246,1247,1248,1249,1250,1251,
1252,1253,1254,1255,1257,1258,1259,1260,1261,1262,
1263,1264,1265,1266,1267,1268,1269,1270,1272,1273,
1274,1275,1276,1277,1278,1279,1280,1281,1282,1283,
1284,1285
*NSET,NSET=RESULTS
5505,5535,5565,5580,5595,6005,6035,6065,6080,6095,
8505,8535,8565,8580,8595,9005,9035,9065,9080,9095,
10505,10535,10565,10580,10595,11005,11035,11065,11080,11095,
13505,13535,13565,13580,13595,14005,14035,14065,14080,14095,
14505,14535,14565,14580,14595,15005,15035,15065,15080,15095,
15505,15535,15565,15580,15595,16005,16035,16065,16080,16095,
16505,16535,16565,16580,16595,17005,17035,17065,17080,17095
*ELEMENT,TYPE=C3D27R
1,1001,1003,1033,1031,2001,2003,2033,2031,1002,1018,
1032,1016,2002,2018,2032,2016,1501,1503,1533,1531,
1517,1017,2017,1502,1518,1532,1516
*ELEMENT,TYPE=C3D27R
701,8001,8003,8033,8031,9001,9003,9033,9031,8002,
8018,8032,8016,9002,9018,9032,9016,8501,8503,8533,
8531,8517,8017,9017,8502,8518,8532,8516
*ELEMENT,TYPE=C3D27R
1201,13001,13003,13033,13031,14001,14003,14033,14031,13002,
13018,13032,13016,14002,14018,14032,14016,13501,13503,13533,
13531,13517,13017,14017,13502,13518,13532,13516
*ELEMENT,TYPE=C3D27R
1501,16001,16003,16033,16031,17001,17003,17033,17031,16002,
16018,16032,16016,17002,17018,17032,17016,16501,16503,16533,
16531,16517,16017,17017,16502,16518,16532,16516
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*ELGEN,ELSET=SUBGRADE
1,7,2,1,9,30,10,7,1000,100
*ELGEN,ELSET=SUBBASE
701,7,2,1,9,30,10,5,1000,100
*ELGEN,ELSET=BASE
1201,7,2,1,9,30,10,3,1000,100
*ELGEN,ELSET=SURFACE
1501,7,2,1,9,30,10
*ELSET,ELSET=RESULTS
1502,1503,1512,1513,1507,1581,
1402,1403,1412,1413,1407,1481,
1302,1303,1312,1313,1307,1381,
1002,1003,1012,1013,1007,1081,
802,803,812,813,807,881,
502,503,512,513,507,581,
2,3,12,13,7,81
*SOLID SECTION,MATERIAL=MAT1,ELSET=SUBGRADE
*SOLID SECTION,MATERIAL=MAT2,ELSET=SUBBASE
*SOLID SECTION,MATERIAL=MAT3,ELSET=BASE
*SOLID SECTION,MATERIAL=MAT4,ELSET=SURFACE
*MATERIAL,NAME=MAT1
*ELASTIC
7.0E7,.35
*MOHR COULOMB
15,22
*MOHR COULOMB HARDENING
3.50E4,0.0
4.34E4,0.0003795
5.13E4,0.0012669
5.71E4,0.0021833
6.21E4,0.0031125
6.65E4,0.0040493
8.44E4,0.0087943
9.86E4,0.0135906
11.10E4,0.0184136
12.22E4,0.0232542
13.25E4,0.0281073
14.21E4,0.0329702
15.08E4,0.0378453
15.34E4,0.0428089
15.52E4,0.0477828
*MATERIAL,NAME=MAT2
*ELASTIC
2.5E8,.35
*MATERIAL,NAME=MAT3
*ELASTIC
5.0E8,.35
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*MATERIAL,NAME=MAT4
*ELASTIC
1.5E9,.4
*BOUNDARY
BOTXEDGE,2,3
BOTYEDGE,1
BOTYEDGE,3
MIDEDGE,1,2
1001,1,3
XZPLANE,2
YZPLANE,1
BOTPLANE,3
*AMPLITUDE,NAME=ALFLOAD,DEFINITION=TABULAR,TIME=TOTAL TIME
0.0,0.0,0.25,1.0,0.5,0.0,0.75,1.0
1.0,0.0,1.25,1.0,1.5,0.0,1.75,1.0
2.0,0.0,2.25,1.0,2.5,0.0,2.75,1.0
3.0,0.0,3.25,1.0,3.5,0.0,3.75,1.0
4.0,0.0,4.25,1.0,4.5,0.0,4.75,1.0
5.0,0.0,5.25,1.0,5.5,0.0,5.75,1.0
6.0,0.0,6.25,1.0,6.5,0.0,6.75,1.0
7.0,0.0,7.25,1.0,7.5,0.0,7.75,1.0
8.0,0.0,8.25,1.0,8.5,0.0,8.75,1.0
9.0,0.0,9.25,1.0,9.5,0.0,9.75,1.0
10.0,0.0,10.25,1.0,10.5,0.0,10.75,1.0
11.0,0.0,11.25,1.0,11.5,0.0,11.75,1.0
12.0,0.0,12.25,1.0,12.5,0.0,12.75,1.0
13.0,0.0,13.25,1.0,13.5,0.0,13.75,1.0
14.0,0.0,14.25,1.0,14.5,0.0,14.75,1.0
15.0,0.0,15.25,1.0,15.5,0.0,15.75,1.0
16.0,0.0,16.25,1.0,16.5,0.0,16.75,1.0
17.0,0.0,17.25,1.0,17.5,0.0,17.75,1.0
18.0,0.0,18.25,1.0,18.5,0.0,18.75,1.0
19.0,0.0,19.25,1.0,19.5,0.0,19.75,1.0
20.0,0.0,20.25,1.0,20.5,0.0,20.75,1.0
21.0,0.0,21.25,1.0,21.5,0.0,21.75,1.0
22.0,0.0,22.25,1.0,22.5,0.0,22.75,1.0
23.0,0.0,23.25,1.0,23.5,0.0,23.75,1.0
24.0,0.0,24.25,1.0,24.5,0.0,24.75,1.0
25.0,0.0
*INITIAL CONDITIONS,TYPE=STRESS
SUBGRADE,-7.9E4,-7.9E4,7.9E4,2.8E4,2.8E4,2.8E4
*STEP,AMPLITUDE=RAMP,INC=12500,EXTRAPOLATION=NO
APPLY DISTRIBUTED LOAD
*STATIC
2.0E-10,25.0,
*CONTROLS,PARAMETERS=TIME INCREMENTATION
7,15,
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*SOLUTION TECHNIQUE,TYPE=QUASI-NEWTON,REFORM KERNEL=25
*BOUNDARY
BOTXEDGE,2,3
BOTYEDGE,1
BOTYEDGE,3
MIDEDGE,1,2
1001,1,3
XZPLANE,2
YZPLANE,1
BOTPLANE,3
*DLOAD,AMPLITUDE=ALFLOAD
1502,P2,700000
1503,P2,700000
1512,P2,700000
1513,P2,700000
*NODE PRINT,NSET=RESULTS,FREQ=10
U,
*NODE FILE,FREQ=10
U,
*END STEP
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APPENDIX E

Sample input file used in the analyses with the finite element model of Granular Base
Pavements (Input file used for pavement with 450mm thick base and CBR 5 subgrade)
*HEADING
**FLEXIBLE PAVEMENT ANALYSIS (Granular base pavement)
**UNITS IN M,N,Pa
**This is a comment card
*NODE
1001,0.,0.,0.
1003,0.066,0.,0.
1007,0.264,0.,0.
1009,0.400,0.,0.
1015,1.500,0.,0.
1061,0.,0.144,0.
1063,0.066,0.144,0.
1067,0.264,0.144,0.
1069,0.400,0.144,0.
1075,1.500,0.144,0.
1076,0.,0.2,0.
1078,0.066,0.2,0.
1082,0.264,0.2,0.
1084,0.400,0.2,0.
1090,1.500,0.2,0.
1121,0.,0.350,0.
1123,0.066,0.350,0.
1127,0.264,0.350,0.
1129,0.400,0.350,0.
1135,1.500,0.350,0.
1151,0.,0.5,0.
1153,0.066,0.5,0.
1157,0.264,0.5,0.
1159,0.400,0.5,0.
1165,1.500,0.5,0.
1211,0.,0.9,0.
1213,0.066,0.9,0.
1217,0.264,0.9,0.
1219,0.400,0.9,0.
1225,1.500,0.9,0.
1271,0.,1.5,0.
1273,0.066,1.5,0.
1277,0.264,1.5,0.
1279,0.400,1.5,0.
1285,1.500,1.5,0.
*NGEN,NSET=SET1
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1001,1003,1
1003,1007,1
1007,1009,1
1009,1015,1
*NGEN,NSET=SET2
1061,1063,1
1063,1067,1
1067,1069,1
1069,1075,1
*NGEN,NSET=SET3
1076,1078,1
1078,1082,1
1082,1084,1
1084,1090,1
*NGEN,NSET=SET4
1121,1123,1
1123,1127,1
1127,1129,1
1129,1135,1
*NGEN,NSET=SET5
1151,1153,1
1153,1157,1
1157,1159,1
1159,1165,1
*NGEN,NSET=SET6
1211,1213,1
1213,1217,1
1217,1219,1
1219,1225,1
*NGEN,NSET=SET7
1271,1273,1
1273,1277,1
1277,1279,1
1279,1285,1
*NFILL,NSET=SET11
SET1,SET2,4,15
*NFILL,NSET=SET22
SET3,SET4,3,15
*NFILL,NSET=SET33
SET4,SET5,2,15
*NFILL,NSET=SET44
SET5,SET6,4,15
*NFILL,NSET=SET55
SET6,SET7,4,15
*NSET,NSET=SET66
SET2,SET3
*NSET,NSET=LAYER1
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SET11,SET66,SET22,SET33,SET44,SET55
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER5,SHIFT,OLD SET=LAYER1
0.0,0.0,1.200
0.0,
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER9,SHIFT,OLD SET=LAYER5
0.0,0.0,0.800
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER11,SHIFT,OLD SET=LAYER9
0.0,0.0,0.200
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER13,SHIFT,OLD
SET=LAYER11
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER15,SHIFT,OLD
SET=LAYER13
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER17,SHIFT,OLD
SET=LAYER15
0.0,0.0,0.070
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER19,SHIFT,OLD
SET=LAYER17
0.0,0.0,0.070
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER21,SHIFT,OLD
SET=LAYER19
0.0,0.0,0.100
0.0,
*NCOPY,CHANGE NUMBER=2000,NEW SET=LAYER25,SHIFT,OLD
SET=LAYER21
0.0,0.0,0.260
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER27,SHIFT,OLD
SET=LAYER25
0.0,0.0,0.130
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER29,SHIFT,OLD
SET=LAYER27
0.0,0.0,0.060
0.0,
*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER31,SHIFT,OLD
SET=LAYER29
0.0,0.0,0.030
0.0,
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*NCOPY,CHANGE NUMBER=1000,NEW SET=LAYER33,SHIFT,OLD
SET=LAYER31
0.0,0.0,0.020
0.0,
*NFILL,NSET=SUBGRADE
LAYER1,LAYER5,4,500
LAYER5,LAYER9,4,500
LAYER9,LAYER11,2,500
LAYER11,LAYER13,2,500
LAYER13,LAYER15,2,500
LAYER15,LAYER17,2,500
LAYER17,LAYER19,2,500
LAYER19,LAYER21,2,500
*NFILL,NSET=BASE
LAYER21,LAYER25,4,500
LAYER25,LAYER27,2,500
LAYER27,LAYER29,2,500
*NFILL,NSET=ASPHALT
LAYER29,LAYER31,2,500
LAYER31,LAYER33,2,500
*NSET,NSET=BOTXEDGE
1002,1003,1004,1005,1006,1007,1008,1009,1010,1011,
1012,1013,1014,1015
*NSET,NSET=BOTYEDGE
1016,1031,1046,1061,1076,1091,1106,1121,1136,1151,
1166,1181,1196,1211,1226,1241,1256,1271
*NSET,NSET=MIDEDGE
1501,2001,2501,3001,3501,4001,4501,5001,5501,6001,
6501,7001,7501,8001,8501,9001,9501,10001,10501,11001,
11501,12001,12501,13001,13501,14001,14501,15001,15501,16001,
16501,17001
*NSET,NSET=XZPLANE
1502,1503,1504,1505,1506,1507,1508,1509,1510,1511,
1512,1513,1514,1515,2002,2003,2004,2005,2006,2007,
2008,2009,2010,2011,2012,2013,2014,2015,2502,2503,
2504,2505,2506,2507,2508,2509,2510,2511,2512,2513,
2514,2515,3002,3003,3004,3005,3006,3007,3008,3009,
3010,3011,3012,3013,3014,3015,3502,3503,3504,3505,
3506,3507,3508,3509,3510,3511,3512,3513,3514,3515,
4002,4003,4004,4005,4006,4007,4008,4009,4010,4011,
4012,4013,4014,4015,4502,4503,4504,4505,4506,4507,
4508,4509,4510,4511,4512,4513,4514,4515,5002,5003,
5004,5005,5006,5007,5008,5009,5010,5011,5012,5013,
5014,5015,5502,5503,5504,5505,5506,5507,5508,5509,
5510,5511,5512,5513,5514,5515,6002,6003,6004,6005,
6006,6007,6008,6009,6010,6011,6012,6013,6014,6015,
6502,6503,6504,6505,6506,6507,6508,6509,6510,6511,
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6512,6513,6514,6515,7002,7003,7004,7005,7006,7007,
7008,7009,7010,7011,7012,7013,7014,7015,7502,7503,
7504,7505,7506,7507,7508,7509,7510,7511,7512,7513,
7514,7515,8002,8003,8004,8005,8006,8007,8008,8009,
8010,8011,8012,8013,8014,8015,8502,8503,8504,8505,
8506,8507,8508,8509,8510,8511,8512,8513,8514,8515,
9002,9003,9004,9005,9006,9007,9008,9009,9010,9011,
9012,9013,9014,9015,9502,9503,9504,9505,9506,9507,
9508,9509,9510,9511,9512,9513,9514,9515,10002,10003,
10004,10005,10006,10007,10008,10009,10010,10011,10012,10013,
10014,10015,10502,10503,10504,10505,10506,10507,10508,10509,
10510,10511,10512,10513,10514,10515,11002,11003,11004,11005,
11006,11007,11008,11009,11010,11011,11012,11013,11014,11015,
11502,11503,11504,11505,11506,11507,11508,11509,11510,11511,
11512,11513,11514,11515,12002,12003,12004,12005,12006,12007,
12008,12009,12010,12011,12012,12013,12014,12015,12502,12503,
12504,12505,12506,12507,12508,12509,12510,12511,12512,12513,
12514,12515,13002,13003,13004,13005,13006,13007,13008,13009,
13010,13011,13012,13013,13014,13015,13502,13503,13504,13505,
13506,13507,13508,13509,13510,13511,13512,13513,13514,13515,
14002,14003,14004,14005,14006,14007,14008,14009,14010,14011,
14012,14013,14014,14015,14502,14503,14504,14505,14506,14507,
14508,14509,14510,14511,14512,14513,14514,14515,15002,15003,
15004,15005,15006,15007,15008,15009,15010,15011,15012,15013,
15014,15015,15502,15503,15504,15505,15506,15507,15508,15509,
15510,15511,15512,15513,15514,15515,16002,16003,16004,16005,
16006,16007,16008,16009,16010,16011,16012,16013,16014,16015,
16502,16503,16504,16505,16506,16507,16508,16509,16510,16511,
16512,16513,16514,16515,17002,17003,17004,17005,17006,17007,
17008,17009,17010,17011,17012,17013,17014,17015
*NSET,NSET=YZPLANE
1516,1531,1546,1561,1576,1591,1606,1621,1636,1651,
1666,1681,1696,1711,1726,1741,1756,1771,2016,2031,
2046,2061,2076,2091,2106,2121,2136,2151,2166,2181,
2196,2211,2226,2241,2256,2271,2516,2531,2546,2561,
2576,2591,2606,2621,2636,2651,2666,2681,2696,2711,
2726,2741,2756,2771,3016,3031,3046,3061,3076,3091,
3106,3121,3136,3151,3166,3181,3196,3211,3226,3241,
3256,3271,3516,3531,3546,3561,3576,3591,3606,3621,
3636,3651,3666,3681,3696,3711,3726,3741,3756,3771,
4016,4031,4046,4061,4076,4091,4106,4121,4136,4151,
4166,4181,4196,4211,4226,4241,4256,4271,4516,4531,
4546,4561,4576,4591,4606,4621,4636,4651,4666,4681,
4696,4711,4726,4741,4756,4771,5016,5031,5046,5061,
5076,5091,5106,5121,5136,5151,5166,5181,5196,5211,
5226,5241,5256,5271,5516,5531,5546,5561,5576,5591,
5606,5621,5636,5651,5666,5681,5696,5711,5726,5741,
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5756,5771,6016,6031,6046,6061,6076,6091,6106,6121,
6136,6151,6166,6181,6196,6211,6226,6241,6256,6271,
6516,6531,6546,6561,6576,6591,6606,6621,6636,6651,
6666,6681,6696,6711,6726,6741,6756,6771,7016,7031,
7046,7061,7076,7091,7106,7121,7136,7151,7166,7181,
7196,7211,7226,7241,7256,7271,7516,7531,7546,7561,
7576,7591,7606,7621,7636,7651,7666,7681,7696,7711,
7726,7741,7756,7771,8016,8031,8046,8061,8076,8091,
8106,8121,8136,8151,8166,8181,8196,8211,8226,8241,
8256,8271,8516,8531,8546,8561,8576,8591,8606,8621,
8636,8651,8666,8681,8696,8711,8726,8741,8756,8771,
9016,9031,9046,9061,9076,9091,9106,9121,9136,9151,
9166,9181,9196,9211,9226,9241,9256,9271,9516,9531,
9546,9561,9576,9591,9606,9621,9636,9651,9666,9681,
9696,9711,9726,9741,9756,9771,10016,10031,10046,10061,
10076,10091,10106,10121,10136,10151,10166,10181,10196,10211,
10226,10241,10256,10271,10516,10531,10546,10561,10576,10591,
10606,10621,10636,10651,10666,10681,10696,10711,10726,10741,
10756,10771,11016,11031,11046,11061,11076,11091,11106,11121,
11136,11151,11166,11181,11196,11211,11226,11241,11256,11271,
11516,11531,11546,11561,11576,11591,11606,11621,11636,11651,
11666,11681,11696,11711,11726,11741,11756,11771,12016,12031,
12046,12061,12076,12091,12106,12121,12136,12151,12166,12181,
12196,12211,12226,12241,12256,12271,12516,12531,12546,12561,
12576,12591,12606,12621,12636,12651,12666,12681,12696,12711,
12726,12741,12756,12771,13016,13031,13046,13061,13076,13091,
13106,13121,13136,13151,13166,13181,13196,13211,13226,13241,
13256,13271,13516,13531,13546,13561,13576,13591,13606,13621,
13636,13651,13666,13681,13696,13711,13726,13741,13756,13771,
14016,14031,14046,14061,14076,14091,14106,14121,14136,14151,
14166,14181,14196,14211,14226,14241,14256,14271,14516,14531,
14546,14561,14576,14591,14606,14621,14636,14651,14666,14681,
14696,14711,14726,14741,14756,14771,15016,15031,15046,15061,
15076,15091,15106,15121,15136,15151,15166,15181,15196,15211,
15226,15241,15256,15271,15516,15531,15546,15561,15576,15591,
15606,15621,15636,15651,15666,15681,15696,15711,15726,15741,
15756,15771,16016,16031,16046,16061,16076,16091,16106,16121,
16136,16151,16166,16181,16196,16211,16226,16241,16256,16271,
16516,16531,16546,16561,16576,16591,16606,16621,16636,16651,
16666,16681,16696,16711,16726,16741,16756,16771,17016,17031,
17046,17061,17076,17091,17106,17121,17136,17151,17166,17181,
17196,17211,17226,17241,17256,17271
*NSET,NSET=BOTPLANE
1017,1018,1019,1020,1021,1022,1023,1024,1025,1026,
1027,1028,1029,1030,1032,1033,1034,1035,1036,1037,
1038,1039,1040,1041,1042,1043,1044,1045,1047,1048,
1049,1050,1051,1052,1053,1054,1055,1056,1057,1058,
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1059,1060,1062,1063,1064,1065,1066,1067,1068,1069,
1070,1071,1072,1073,1074,1075,1077,1078,1079,1080,
1081,1082,1083,1084,1085,1086,1087,1088,1089,1090,
1092,1093,1094,1095,1096,1097,1098,1099,1100,1101,
1102,1103,1104,1105,1107,1108,1109,1110,1111,1112,
1113,1114,1115,1116,1117,1118,1119,1120,1122,1123,
1124,1125,1126,1127,1128,1129,1130,1131,1132,1133,
1134,1135,1137,1138,1139,1140,1141,1142,1143,1144,
1145,1146,1147,1148,1149,1150,1152,1153,1154,1155,
1156,1157,1158,1159,1160,1161,1162,1163,1164,1165,
1167,1168,1169,1170,1171,1172,1173,1174,1175,1176,
1177,1178,1179,1180,1182,1183,1184,1185,1186,1187,
1188,1189,1190,1191,1192,1193,1194,1195,1197,1198,
1199,1200,1201,1202,1203,1204,1205,1206,1207,1208,
1209,1210,1212,1213,1214,1215,1216,1217,1218,1219,
1220,1221,1222,1223,1224,1225,1227,1228,1229,1230,
1231,1232,1233,1234,1235,1236,1237,1238,1239,1240,
1242,1243,1244,1245,1246,1247,1248,1249,1250,1251,
1252,1253,1254,1255,1257,1258,1259,1260,1261,1262,
1263,1264,1265,1266,1267,1268,1269,1270,1272,1273,
1274,1275,1276,1277,1278,1279,1280,1281,1282,1283,
1284,1285
*NSET,NSET=RESULTS
5505,5535,5565,5580,5595,6005,6035,6065,6080,6095,
8505,8535,8565,8580,8595,9005,9035,9065,9080,9095,
10505,10535,10565,10580,10595,11005,11035,11065,11080,11095,
13505,13535,13565,13580,13595,14005,14035,14065,14080,14095,
14505,14535,14565,14580,14595,15005,15035,15065,15080,15095,
15505,15535,15565,15580,15595,16005,16035,16065,16080,16095,
16505,16535,16565,16580,16595,17005,17035,17065,17080,17095
*ELEMENT,TYPE=C3D27R
1,1001,1003,1033,1031,2001,2003,2033,2031,1002,1018,
1032,1016,2002,2018,2032,2016,1501,1503,1533,1531,
1517,1017,2017,1502,1518,1532,1516
*ELEMENT,TYPE=C3D27R
1001,11001,11003,11033,11031,12001,12003,12033,12031,11002,
11018,11032,11016,12002,12018,12032,12016,11501,11503,11533,
11531,11517,11017,12017,11502,11518,11532,11516
*ELEMENT,TYPE=C3D27R
1401,15001,15003,15033,15031,16001,16003,16033,16031,15002,
15018,15032,15016,16002,16018,16032,16016,15501,15503,15533,
15531,15517,15017,16017,15502,15518,15532,15516
*ELGEN,ELSET=SUBGRADE
1,7,2,1,9,30,10,10,1000,100
*ELGEN,ELSET=BASE
1001,7,2,1,9,30,10,4,1000,100
*ELGEN,ELSET=ASPHALT
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1401,7,2,1,9,30,10,2,1000,100
*ELSET,ELSET=RESULTS
1502,1503,1512,1513,1507,1581,
1402,1403,1412,1413,1407,1481,
1302,1303,1312,1313,1307,1381,
1002,1003,1012,1013,1007,1081,
802,803,812,813,807,881,
502,503,512,513,507,581,
2,3,12,13,7,81
*SOLID SECTION,MATERIAL=MAT1,ELSET=SUBGRADE
*SOLID SECTION,MATERIAL=MAT2,ELSET=BASE
*SOLID SECTION,MATERIAL=MAT3,ELSET=ASPHALT
*MATERIAL,NAME=MAT1
*ELASTIC
5.0E7,.35
*MOHR COULOMB
15,22
*MOHR COULOMB HARDENING
2.76E4,0.0
3.49E4,0.0003674
4.17E4,0.0012437
4.68E4,0.0021519
5.11E4,0.0030738
5.49E4,0.0040046
7.04E4,0.0087241
8.28E4,0.0134999
9.35E4,0.0183055
10.32E4,0.0231301
11.21E4,0.0279685
12.04E4,0.0328178
12.84E4,0.0376729
13.08E4,0.0426305
13.24E4,0.0476002
*MATERIAL,NAME=MAT2
*ELASTIC
5.0E8,.35
*MATERIAL,NAME=MAT3
*ELASTIC
2.8E9,.4
*BOUNDARY
BOTXEDGE,2,3
BOTYEDGE,1
BOTYEDGE,3
MIDEDGE,1,2
1001,1,3
XZPLANE,2
YZPLANE,1
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BOTPLANE,3
*AMPLITUDE,NAME=STDLOAD,DEFINITION=TABULAR,TIME=TOTAL TIME
0.0,0.0,0.25,1.0,0.5,0.0,0.75,1.0
1.0,0.0,1.25,1.0,1.5,0.0,1.75,1.0
2.0,0.0,2.25,1.0,2.5,0.0,2.75,1.0
3.0,0.0,3.25,1.0,3.5,0.0,3.75,1.0
4.0,0.0,4.25,1.0,4.5,0.0,4.75,1.0
5.0,0.0,5.25,1.0,5.5,0.0,5.75,1.0
6.0,0.0,6.25,1.0,6.5,0.0,6.75,1.0
7.0,0.0,7.25,1.0,7.5,0.0,7.75,1.0
8.0,0.0,8.25,1.0,8.5,0.0,8.75,1.0
9.0,0.0,9.25,1.0,9.5,0.0,9.75,1.0
10.0,0.0,10.25,1.0,10.5,0.0,10.75,1.0
11.0,0.0,11.25,1.0,11.5,0.0,11.75,1.0
12.0,0.0,12.25,1.0,12.5,0.0,12.75,1.0
13.0,0.0,13.25,1.0,13.5,0.0,13.75,1.0
14.0,0.0,14.25,1.0,14.5,0.0,14.75,1.0
15.0,0.0,15.25,1.0,15.5,0.0,15.75,1.0
16.0,0.0,16.25,1.0,16.5,0.0,16.75,1.0
17.0,0.0,17.25,1.0,17.5,0.0,17.75,1.0
18.0,0.0,18.25,1.0,18.5,0.0,18.75,1.0
19.0,0.0,19.25,1.0,19.5,0.0,19.75,1.0
20.0,0.0,20.25,1.0,20.5,0.0,20.75,1.0
21.0,0.0,21.25,1.0,21.5,0.0,21.75,1.0
22.0,0.0,22.25,1.0,22.5,0.0,22.75,1.0
23.0,0.0,23.25,1.0,23.5,0.0,23.75,1.0
24.0,0.0,24.25,1.0,24.5,0.0,24.75,1.0
25.0,0.0
*INITIAL CONDITIONS,TYPE=STRESS
SUBGRADE,-5.8E4,-5.8E4,5.8E4,2.16E4,2.16E4,2.16E4
*STEP,AMPLITUDE=RAMP,INC=12500,EXTRAPOLATION=NO
APPLY DISTRIBUTED LOAD
*STATIC
2.0E-10,25.0,
*CONTROLS,PARAMETERS=TIME INCREMENTATION
7,15,
*SOLUTION TECHNIQUE,TYPE=QUASI-NEWTON,REFORM KERNEL=12
*BOUNDARY
BOTXEDGE,2,3
BOTYEDGE,1
BOTYEDGE,3
MIDEDGE,1,2
1001,1,3
XZPLANE,2
YZPLANE,1
BOTPLANE,3
*DLOAD,AMPLITUDE=STDLOAD
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1502,P2,750000
1503,P2,750000
1512,P2,750000
1513,P2,750000
*NODE PRINT,NSET=RESULTS,FREQ=10
U,
*NODE FILE,FREQ=10
U,
*END STEP
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APPENDIX F

Sample output file obtained from the analyses with the finite element model of Site No.5,
Callington ALF Trial (Output file cal5.dat - 5th stage of the analysis)
ABAQUS VERSION 6.3-1
PAGE
1

AAAAAA
A
A
A
A
A
A
AAAAAAAAAA
A
A
A
A
A
A
A
A

DATE 06-Mar-2003

BBBBBBBBB
B
B
B
B
B
B
BBBBBBBBB
B
B
B
B
B
B
BBBBBBBBB

AAAAAA
A
A
A
A
A
A
AAAAAAAAAA
A
A
A
A
A
A
A
A

QQQQQQQQ
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q
Q Q
Q
Q Q
QQQQQQQQ

TIME 13:38:31

U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
U
UUUUUUUU

SSSSSSSS
S
S
S
SSSSSSSS
S
S
S
SSSSSSSS

<|> <|> <|> <|> <|> <|> <|> <|> <|> <|>
<|> <|> <|> <|> <|> <|> <|> |
|
|
|
|
|
|
|
|
| <|> <|> <|>
----------------------------------------------------------------------------| <|> | <|> |
| <|> <|> <|> <|>
| <|> |
|
|
|
| <|> <|> <|>
<|> | <|> | <|> <|> | <|> | <|>
<|> | <|> <|> <|> <|> <|> <|> |
|
<|> <|> <|> <|> <|> <|> <|> | <|> |
<|> <|> <|> <|> <|> <|> <|> | <|> <|>
<|> <|> <|> <|> <|> <|> <|> <|> <|> <|>

This program has been developed by
Hibbitt, Karlsson & Sorensen, Inc.
1080 Main Street
Pawtucket, R.I. 02860

Available for internal use at University of Wollongong.
Support of your usage is not included in the license
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price. To purchase support, or send information to HKS
about a suspected error, please follow the procedures
described in the ABAQUS academic support instructions
document. A copy of this document has been sent to the
designated user at your site. additional copies can be
obtained by contacting HKS or your local HKS
representative.
Should you have any questions concerning the terms of
this academic license, please contact the designated
user at your university, Des Jamieson
On machine worner
you are authorized to run
ABAQUS/Standard until 15-Jul-2003
Your site id is: 15UWOLLON

For assistance or any other information contact
Worley FEA (A Division of Worley Limited)
Level 17, 300 Flinders Street
Melbourne, Vic 3000
Tel: (61) 3 9280 2834
Fax: (61) 3 9205 0573
E-mail: abaqus@worley.com.au

* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
*
*
*****************
*
* N O T I C E *
*
*****************
*
*
*
ABAQUS VERSION 6.3-1
*
*
BUILD ID: 2002_09_03-10.38.43 36270
*
*
* Please make sure you are using version 6.3 manuals
* plus the notes accompanying this release.
*
*
*
This program may not be used for commercial purposes
*
without payment of a monthly charge.
*
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *
PROCESSING PART, INSTANCE, AND ASSEMBLY INFORMATION
*******************************************************

END PROCESSING PART, INSTANCE, AND ASSEMBLY INFORMATION
***********************************************************

*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
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OPTIONS BEING PROCESSED
***************************

*HEADING
*NODE
*NGEN,NSET=SET1
*NGEN,NSET=SET2
*NGEN,NSET=SET3
*NGEN,NSET=SET4
*NGEN,NSET=SET5
*NGEN,NSET=SET6
*NGEN,NSET=SET7
*NFILL,NSET=SET11
*NFILL,NSET=SET22
*NFILL,NSET=SET33
*NFILL,NSET=SET44
*NFILL,NSET=SET55
*NSET,NSET=SET66
*NSET,NSET=LAYER1
*NCOPY,CHANGE NUMBER=2000,NEW
*NCOPY,CHANGE NUMBER=2000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=2000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NCOPY,CHANGE NUMBER=1000,NEW
*NFILL,NSET=SUBGRADE
*NFILL,NSET=ROCKFILL
*NFILL,NSET=FILL
*NFILL,NSET=SUBBASE
*NFILL,NSET=BASE
*NFILL,NSET=ASPHALT20
*NFILL,NSET=ASPHALT14
*NSET,NSET=BOTXEDGE
*NSET,NSET=BOTYEDGE
*NSET,NSET=MIDEDGE
*NSET,NSET=XZPLANE
*NSET,NSET=YZPLANE
*NSET,NSET=BOTPLANE
*NSET,NSET=RESULTS
*ELEMENT,TYPE=C3D27R
*ELEMENT,TYPE=C3D27R
*ELEMENT,TYPE=C3D27R
*ELEMENT,TYPE=C3D27R
*ELEMENT,TYPE=C3D27R
*ELEMENT,TYPE=C3D27R
*ELEMENT,TYPE=C3D27R
*ELGEN,ELSET=SUBGRADE
*ELGEN,ELSET=ROCKFILL
*ELGEN,ELSET=FILL
*ELGEN,ELSET=SUBBASE

SET=LAYER5,SHIFT,OLD SET=LAYER1
SET=LAYER9,SHIFT,OLD SET=LAYER5
SET=LAYER11,SHIFT,OLD SET=LAYER9
SET=LAYER13,SHIFT,OLD SET=LAYER11
SET=LAYER15,SHIFT,OLD SET=LAYER13
SET=LAYER17,SHIFT,OLD SET=LAYER15
SET=LAYER19,SHIFT,OLD SET=LAYER17
SET=LAYER21,SHIFT,OLD SET=LAYER19
SET=LAYER25,SHIFT,OLD SET=LAYER21
SET=LAYER27,SHIFT,OLD SET=LAYER25
SET=LAYER29,SHIFT,OLD SET=LAYER27
SET=LAYER31,SHIFT,OLD SET=LAYER29
SET=LAYER33,SHIFT,OLD SET=LAYER31
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*ELGEN,ELSET=BASE
*ELGEN,ELSET=ASPHALT20
*ELGEN,ELSET=ASPHALT14
*ELSET,ELSET=RESULTS
*MATERIAL,NAME=MAT1
*ELASTIC
*MOHR COULOMB
*MOHR COULOMB HARDENING
*MATERIAL,NAME=MAT2
*ELASTIC
*MATERIAL,NAME=MAT3
*ELASTIC
*MATERIAL,NAME=MAT4
*ELASTIC
*MATERIAL,NAME=MAT5
*ELASTIC
*MATERIAL,NAME=MAT6
*ELASTIC
*MATERIAL,NAME=MAT7
*ELASTIC
*INITIAL CONDITIONS,TYPE=STRESS
*INITIAL CONDITIONS,TYPE=STRESS
*SOLID SECTION,MATERIAL=MAT1,ELSET=SUBGRADE
*SOLID SECTION,MATERIAL=MAT2,ELSET=ROCKFILL
*SOLID SECTION,MATERIAL=MAT3,ELSET=FILL
*SOLID SECTION,MATERIAL=MAT4,ELSET=SUBBASE
*SOLID SECTION,MATERIAL=MAT5,ELSET=BASE
*SOLID SECTION,MATERIAL=MAT6,ELSET=ASPHALT20
*SOLID SECTION,MATERIAL=MAT7,ELSET=ASPHALT14
*BOUNDARY
*BOUNDARY
*SOLID SECTION,MATERIAL=MAT1,ELSET=SUBGRADE
*SOLID SECTION,MATERIAL=MAT2,ELSET=ROCKFILL
*SOLID SECTION,MATERIAL=MAT3,ELSET=FILL
*SOLID SECTION,MATERIAL=MAT4,ELSET=SUBBASE
*SOLID SECTION,MATERIAL=MAT5,ELSET=BASE
*SOLID SECTION,MATERIAL=MAT6,ELSET=ASPHALT20
*SOLID SECTION,MATERIAL=MAT7,ELSET=ASPHALT14
*SOLID SECTION,MATERIAL=MAT1,ELSET=SUBGRADE
*SOLID SECTION,MATERIAL=MAT2,ELSET=ROCKFILL
*SOLID SECTION,MATERIAL=MAT3,ELSET=FILL
*SOLID SECTION,MATERIAL=MAT4,ELSET=SUBBASE
*SOLID SECTION,MATERIAL=MAT5,ELSET=BASE
*SOLID SECTION,MATERIAL=MAT6,ELSET=ASPHALT20
*SOLID SECTION,MATERIAL=MAT7,ELSET=ASPHALT14
*INITIAL CONDITIONS,TYPE=STRESS
*INITIAL CONDITIONS,TYPE=STRESS
*INITIAL CONDITIONS,TYPE=STRESS
*AMPLITUDE,NAME=ALFLOAD,DEFINITION=TABULAR,TIME=TOTAL TIME
*STEP,AMPLITUDE=RAMP,INC=2500000,EXTRAPOLATION=NO
*STEP,AMPLITUDE=RAMP,INC=2500000,EXTRAPOLATION=NO
*STEP,AMPLITUDE=RAMP,INC=2500000,EXTRAPOLATION=NO
APPLY DISTRIBUTED LOAD
*STATIC
*SOLUTION TECHNIQUE,TYPE=QUASI-NEWTON,REFORM KERNEL=8
*BOUNDARY
*DLOAD,AMPLITUDE=ALFLOAD
*END STEP
*BOUNDARY
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*STEP,AMPLITUDE=RAMP,INC=2500000,EXTRAPOLATION=NO
*STATIC
*BOUNDARY
*NODE PRINT,NSET=RESULTS,FREQ=10
*NODE FILE,FREQ=10
*END STEP

P R O B L E M

S I Z E

NUMBER OF ELEMENTS IS
1008
NUMBER OF NODES IS
9405
NUMBER OF NODES DEFINED BY THE USER
9405
TOTAL NUMBER OF VARIABLES IN THE MODEL
28215
(DEGREES OF FREEDOM PLUS ANY LAGRANGE MULTIPLIER VARIABLES)

END OF USER INPUT PROCESSING

JOB TIME SUMMARY
USER TIME (SEC)
SYSTEM TIME (SEC)
TOTAL CPU TIME (SEC)
WALLCLOCK TIME (SEC)

=
=
=
=

27.300
1.1700
28.470
33

1
ABAQUS VERSION 6.3-1
DATE 06-MAR-2003
TIME 13:39:08
PAGE
1
For use at University of Wollongong under academic license from HKS Inc.

STEP

1 INCREMENT
1
APPLY DISTRIBUTED LOAD
TIME COMPLETED IN THIS STEP

0.

S T E P

1

S T A T I C

A N A L Y S I S

APPLY DISTRIBUTED LOAD
AUTOMATIC TIME CONTROL WITH A SUGGESTED INITIAL TIME INCREMENT OF
AND A TOTAL TIME PERIOD OF
THE MINIMUM TIME INCREMENT ALLOWED IS
THE MAXIMUM TIME INCREMENT ALLOWED IS

M E M O R Y

A N D

D I S K

SUMMARY FOR CURRENT NODE ORDERING

4.000E-04
25.0
2.500E-04
25.0

E S T I M A T E
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(NOTE THAT IF NODE ORDERING CHANGES THE SIZE ESTIMATES FOR THE STEPS
WILL CHANGE)

STEP
MAXIMUM DOF
REQUIRED DISKSPACE
WAVEFRONT
I/O

FLOATING PT
OPERATIONS

MINIMUM MEMORY
REQUIRED

MEMORY TO
MINIMIZE

PER ITERATION

(MBYTES)

(MBYTES)

1.21E+10

42.33

156.94

(MBYTES)
1

1665

134.73
--

-----------------------MAX
1665

-----------1.21E+10

------------42.33

----------156.94

134.73

THE TABLE ABOVE PROVIDES A STEP BY STEP SUMMARY OF SOME BASIC SIZING
INFORMATION
FOR THE PROBLEM. SOME FURTHER DESCRIPTION OF THE PARAMETERS GIVEN
FOLLOWS:
(1) MAXIMUM DOF WAVEFRONT - SIZE OF THE BIGGEST FRONT IN THE
EQUATION SOLVER.
PROVIDES A BASIC SIZING OF THE MOST MEMORY INTENSIVE SEGMENT OF
SOLVER.
(2) FLOATING POINT OPERATIONS PER ITERATION - MEASURE OF THE NUMBER
OF FLOATING
POINT OPERATIONS REQUIRED FOR A SINGLE SOLVER PASS. ON A GIVEN
PLATFORM
THE TIME REQUIRED FOR A SOLVER PASS WILL BE ROUGHLY A LINEAR
FUNCTION
OF THIS VALUE.
NOTE - EXCEPT FOR THE FIRST STEP, THE VALUE IN THIS TABLE DOES
NOT INCLUDE
ADDITIONAL FLOATING POINT OPERATIONS THAT ARE REQUIRED IN
MULTIPLE LOAD
CASE STEPS WHEN CONSTRAINTS CHANGE FROM LOAD CASE TO LOAD
CASE. THIS
SITUATION CAUSES A REORDERING TO BE PERFORMED, AT WHICH
TIME AN UPPER
BOUND ON THE NUMBER OF ADDITIONAL FLOATING POINT
OPERATIONS WILL BE
CALCULATED AND INCLUDED UNDER THE ESTIMATE SUMMARIES FOR
THE RELEVANT
STEPS (SEE NOTE BELOW ON REORDERING).
(3) MINIMUM MEMORY REQUIRED - MINIMUM POSSIBLE MEMORY VALUE FOR
standard_memory
THAT ENABLES ABAQUS TO SOLVE THE PROBLEM. USE OF MEMORY WILL BE
MINIMIZED BY
WRITING AS MUCH INFORMATION AS POSSIBLE TO DISK WHICH WILL
INCREASE I/O TIME.
(4) MEMORY TO MINIMIZE I/O - VALUE OF standard_memory THAT ALLOWS
ABAQUS TO KEEP
ALL SIGNIFICANT SCRATCH FILES IN MEMORY. THIS WILL MINIMIZE I/O
TIME FOR THE USER
WITH ACCESS TO A LARGE AMOUNT OF MEMORY.
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(5) REQUIRED DISKSPACE - AMOUNT OF DISK REQUIRED FOR SCRATCH FILES.
THESE WILL BE
DELETED AT THE END OF THE ANALYSIS.

NOTE - WHENEVER POSSIBLE THE USER SHOULD SET standard_memory TO BE
LESS THAN THE
PHYSICAL MEMORY ON THE MACHINE. UNLESS NECESSARY USERS SHOULD NOT
MAKE USE
OF VIRTUAL MEMORY EVEN IN AN ATTEMPT TO KEEP SCRATCH FILES IN
MEMORY.
NOTE - IF A REORDERING IS PERFORMED (THIS WILL GENERALLY BE DONE
ONLY FOR 3D-3D
LARGE SLIDING PROBLEMS), THE SIZE ESTIMATES DONE AT THIS TIME WILL
NO LONGER BE VALID.
THE ESTIMATES WILL BE REDONE IN THE EVENT OF A REORDERING AND A NEW
SUMMARY WILL BE
BE PRINTED FOR THE REMAINING STEPS.

S I Z E

E S T I M A T E S

F O R

C U R R E N T

NUMBER OF EQUATIONS
MAX DOF WAVEFRONT
FLOATING POINT OPS PER SOLVER ITERATION
MEMORY USED FOR STEP

S T E P

28215
1665
1.21E+10
43.48 MBYTES

ESTIMATED FILE SIZES
FILE

MWORDS

MBYTES

unit 10
.fct
.nck
.opr
------TOTAL

0.003
14.146
0.082
3.429
------17.660

0.023
107.923
0.623
26.163
------134.733

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
4.000E-03,

10 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

1.600E-04
4.000E-03

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
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NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005

U1

1.4805E-04
1.1349E-04
9.5957E-05
8.8038E-05
8.4880E-05
7.9429E-05
6.0294E-05
5.0278E-05
5.3634E-05
4.2594E-05
3.7834E-05
3.7818E-05
3.7504E-05
3.7565E-05
3.6859E-05
3.4755E-05
3.4619E-05
3.4360E-05
3.3577E-05
3.3793E-05
2.0649E-05
2.0608E-05
2.0481E-05
2.0537E-05
2.0166E-05
1.4951E-05
1.4907E-05
1.4780E-05
1.4477E-05
1.4472E-05
4.8998E-06
4.8784E-06
4.8181E-06
4.7413E-06
4.6755E-06
4.2331E-06
4.2093E-06
4.1446E-06
4.1111E-06
4.0017E-06
2.4809E-06
2.4657E-06
2.4228E-06
2.3225E-06
2.3300E-06
5.9333E-07
5.8118E-07
5.4880E-07
6.3036E-07
4.8899E-07
-4.9180E-07
-4.9283E-07
-4.9414E-07
-5.7391E-07
-4.8704E-07
-1.7900E-06

U2

0.
3.7602E-05
7.4870E-05
1.0364E-04
1.3198E-04
0.
1.3135E-05
3.5148E-05
6.4098E-05
7.5977E-05
0.
1.6474E-05
3.2548E-05
4.4755E-05
5.4663E-05
0.
1.5169E-05
2.9856E-05
4.0386E-05
5.0228E-05
0.
9.2652E-06
1.8308E-05
2.5193E-05
3.0887E-05
0.
6.6314E-06
1.3177E-05
1.8120E-05
2.2517E-05
0.
2.6054E-06
5.1118E-06
6.8937E-06
8.5034E-06
0.
2.2972E-06
4.4837E-06
6.1930E-06
7.4652E-06
0.
1.6244E-06
3.1612E-06
4.1407E-06
5.0995E-06
0.
8.8069E-07
1.6429E-06
2.2652E-06
2.4938E-06
0.
4.2697E-07
8.1541E-07
9.0927E-07
1.1366E-06
0.

U3

-3.2081E-03
-3.2438E-03
-3.2665E-03
-3.2768E-03
-3.2873E-03
-3.3577E-03
-3.3781E-03
-3.3926E-03
-3.4074E-03
-3.4072E-03
-3.5540E-03
-3.5545E-03
-3.5557E-03
-3.5531E-03
-3.5577E-03
-3.5615E-03
-3.5618E-03
-3.5625E-03
-3.5681E-03
-3.5633E-03
-3.6011E-03
-3.6008E-03
-3.6000E-03
-3.5965E-03
-3.5978E-03
-3.6072E-03
-3.6069E-03
-3.6057E-03
-3.6077E-03
-3.6024E-03
-3.6273E-03
-3.6267E-03
-3.6249E-03
-3.6207E-03
-3.6205E-03
-3.6248E-03
-3.6242E-03
-3.6224E-03
-3.6234E-03
-3.6180E-03
-3.6293E-03
-3.6287E-03
-3.6268E-03
-3.6225E-03
-3.6221E-03
-3.6273E-03
-3.6266E-03
-3.6245E-03
-3.6252E-03
-3.6196E-03
-3.6305E-03
-3.6298E-03
-3.6277E-03
-3.6232E-03
-3.6227E-03
-3.6275E-03

293
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

-1.7834E-06
-1.7652E-06
-1.6161E-06
-1.7111E-06
-2.6526E-06
-2.6364E-06
-2.5899E-06
-2.6219E-06
-2.4749E-06
-3.7448E-06
-3.7224E-06
-3.6589E-06
-3.4538E-06
-3.5026E-06

MAXIMUM
AT NODE

1.4805E-04
5505

MINIMUM
AT NODE

-1.1340E-07
-2.4511E-07
-2.2882E-07
-5.4362E-07
0.
-4.7029E-07
-8.9447E-07
-1.3830E-06
-1.5863E-06
0.
-9.6788E-07
-1.8997E-06
-2.3164E-06
-3.0227E-06

-3.6268E-03
-3.6246E-03
-3.6252E-03
-3.6196E-03
-3.6303E-03
-3.6296E-03
-3.6274E-03
-3.6229E-03
-3.6223E-03
-3.6268E-03
-3.6261E-03
-3.6239E-03
-3.6245E-03
-3.6189E-03

1.3198E-04 -3.2081E-03
5595
5505

-3.7448E-06 -3.0227E-06 -3.6305E-03
17005
17095
15505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
8.000E-03,

20 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

3.200E-04
8.000E-03

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065

U1

1.4851E-04
1.1394E-04
9.6405E-05
8.8479E-05
8.5315E-05
7.9919E-05
6.0782E-05
5.0760E-05
5.4111E-05
4.3063E-05
3.8496E-05
3.8474E-05
3.8146E-05
3.8183E-05
3.7461E-05
3.5439E-05
3.5297E-05
3.5020E-05

U2

0.
3.7807E-05
7.5276E-05
1.0419E-04
1.3267E-04
0.
1.3356E-05
3.5586E-05
6.4702E-05
7.6721E-05
0.
1.6789E-05
3.3161E-05
4.5572E-05
5.5656E-05
0.
1.5495E-05
3.0492E-05

U3

-3.2172E-03
-3.2528E-03
-3.2755E-03
-3.2857E-03
-3.2961E-03
-3.3674E-03
-3.3878E-03
-3.4023E-03
-3.4170E-03
-3.4167E-03
-3.5667E-03
-3.5672E-03
-3.5682E-03
-3.5655E-03
-3.5699E-03
-3.5746E-03
-3.5748E-03
-3.5754E-03

294
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

3.4224E-05
3.4413E-05
2.1468E-05
2.1417E-05
2.1261E-05
2.1281E-05
2.0874E-05
1.5841E-05
1.5784E-05
1.5618E-05
1.5270E-05
1.5226E-05
5.4298E-06
5.3947E-06
5.2960E-06
5.1796E-06
5.0704E-06
4.7640E-06
4.7240E-06
4.6163E-06
4.5293E-06
4.3853E-06
2.8612E-06
2.8339E-06
2.7574E-06
2.6264E-06
2.5948E-06
8.4665E-07
8.2318E-07
7.6088E-07
8.0752E-07
6.4241E-07
-4.3487E-07
-4.4034E-07
-4.5281E-07
-5.4167E-07
-4.6678E-07
-1.9166E-06
-1.9087E-06
-1.8879E-06
-1.7351E-06
-1.8250E-06
-2.9488E-06
-2.9254E-06
-2.8578E-06
-2.8686E-06
-2.6999E-06
-4.2039E-06
-4.1692E-06
-4.0736E-06
-3.8307E-06
-3.8455E-06

MAXIMUM
AT NODE

1.4851E-04
5505

MINIMUM
AT NODE

4.1252E-05
5.1262E-05
0.
9.6842E-06
1.9109E-05
2.6236E-05
3.2125E-05
0.
7.0926E-06
1.4055E-05
1.9269E-05
2.3874E-05
0.
2.9743E-06
5.7659E-06
7.6738E-06
9.3379E-06
0.
2.6790E-06
5.1449E-06
6.9718E-06
8.3165E-06
0.
1.9392E-06
3.7129E-06
4.7654E-06
5.7136E-06
0.
1.1703E-06
2.1113E-06
2.7367E-06
2.9487E-06
0.
5.3096E-07
9.9744E-07
1.0676E-06
1.2375E-06
0.
-1.6413E-07
-3.4465E-07
-3.8110E-07
-7.6798E-07
0.
-6.7520E-07
-1.2317E-06
-1.8456E-06
-2.0829E-06
0.
-1.3587E-06
-2.6139E-06
-3.0757E-06
-3.8576E-06

-3.5808E-03
-3.5758E-03
-3.6157E-03
-3.6154E-03
-3.6143E-03
-3.6104E-03
-3.6115E-03
-3.6225E-03
-3.6220E-03
-3.6206E-03
-3.6223E-03
-3.6166E-03
-3.6444E-03
-3.6436E-03
-3.6413E-03
-3.6365E-03
-3.6357E-03
-3.6421E-03
-3.6413E-03
-3.6389E-03
-3.6393E-03
-3.6332E-03
-3.6471E-03
-3.6462E-03
-3.6435E-03
-3.6385E-03
-3.6374E-03
-3.6454E-03
-3.6444E-03
-3.6415E-03
-3.6413E-03
-3.6350E-03
-3.6488E-03
-3.6478E-03
-3.6448E-03
-3.6394E-03
-3.6381E-03
-3.6459E-03
-3.6449E-03
-3.6417E-03
-3.6414E-03
-3.6350E-03
-3.6486E-03
-3.6476E-03
-3.6445E-03
-3.6390E-03
-3.6377E-03
-3.6451E-03
-3.6441E-03
-3.6410E-03
-3.6406E-03
-3.6343E-03

1.3267E-04 -3.2172E-03
5595
5505

-4.2039E-06 -3.8576E-06 -3.6488E-03
17005
17095
15505

295
INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
1.200E-02,

30 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

4.800E-04
1.200E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080

U1

1.4896E-04
1.1440E-04
9.6853E-05
8.8920E-05
8.5751E-05
8.0409E-05
6.1269E-05
5.1242E-05
5.4588E-05
4.3531E-05
3.9157E-05
3.9131E-05
3.8787E-05
3.8802E-05
3.8063E-05
3.6123E-05
3.5975E-05
3.5681E-05
3.4871E-05
3.5033E-05
2.2288E-05
2.2226E-05
2.2042E-05
2.2024E-05
2.1581E-05
1.6731E-05
1.6660E-05
1.6457E-05
1.6063E-05
1.5981E-05
5.9599E-06
5.9110E-06
5.7740E-06
5.6178E-06
5.4654E-06
5.2949E-06
5.2388E-06
5.0880E-06
4.9475E-06

U2

0.
3.8012E-05
7.5683E-05
1.0475E-04
1.3336E-04
0.
1.3578E-05
3.6025E-05
6.5306E-05
7.7464E-05
0.
1.7103E-05
3.3773E-05
4.6389E-05
5.6650E-05
0.
1.5821E-05
3.1127E-05
4.2117E-05
5.2296E-05
0.
1.0103E-05
1.9910E-05
2.7279E-05
3.3364E-05
0.
7.5537E-06
1.4933E-05
2.0419E-05
2.5230E-05
0.
3.3432E-06
6.4201E-06
8.4539E-06
1.0172E-05
0.
3.0607E-06
5.8061E-06
7.7506E-06

U3

-3.2262E-03
-3.2619E-03
-3.2844E-03
-3.2946E-03
-3.3050E-03
-3.3772E-03
-3.3976E-03
-3.4120E-03
-3.4266E-03
-3.4262E-03
-3.5794E-03
-3.5798E-03
-3.5807E-03
-3.5778E-03
-3.5820E-03
-3.5876E-03
-3.5878E-03
-3.5882E-03
-3.5934E-03
-3.5882E-03
-3.6303E-03
-3.6299E-03
-3.6286E-03
-3.6244E-03
-3.6251E-03
-3.6378E-03
-3.6372E-03
-3.6354E-03
-3.6369E-03
-3.6308E-03
-3.6616E-03
-3.6606E-03
-3.6577E-03
-3.6523E-03
-3.6509E-03
-3.6594E-03
-3.6583E-03
-3.6554E-03
-3.6551E-03

296
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

4.7689E-06
3.2415E-06
3.2022E-06
3.0920E-06
2.9303E-06
2.8596E-06
1.1000E-06
1.0652E-06
9.7297E-07
9.8469E-07
7.9584E-07
-3.7792E-07
-3.8784E-07
-4.1148E-07
-5.0943E-07
-4.4651E-07
-2.0433E-06
-2.0340E-06
-2.0105E-06
-1.8541E-06
-1.9389E-06
-3.2451E-06
-3.2144E-06
-3.1256E-06
-3.1152E-06
-2.9249E-06
-4.6629E-06
-4.6159E-06
-4.4883E-06
-4.2076E-06
-4.1884E-06

MAXIMUM
AT NODE

1.4896E-04
5505

MINIMUM
AT NODE

9.1679E-06
0.
2.2539E-06
4.2646E-06
5.3902E-06
6.3278E-06
0.
1.4600E-06
2.5796E-06
3.2082E-06
3.4035E-06
0.
6.3495E-07
1.1795E-06
1.2259E-06
1.3383E-06
0.
-2.1486E-07
-4.4419E-07
-5.3337E-07
-9.9234E-07
0.
-8.8010E-07
-1.5688E-06
-2.3082E-06
-2.5795E-06
0.
-1.7494E-06
-3.3281E-06
-3.8349E-06
-4.6924E-06

-3.6485E-03
-3.6648E-03
-3.6636E-03
-3.6603E-03
-3.6545E-03
-3.6527E-03
-3.6636E-03
-3.6623E-03
-3.6585E-03
-3.6575E-03
-3.6505E-03
-3.6671E-03
-3.6658E-03
-3.6619E-03
-3.6556E-03
-3.6536E-03
-3.6643E-03
-3.6630E-03
-3.6589E-03
-3.6575E-03
-3.6504E-03
-3.6670E-03
-3.6657E-03
-3.6615E-03
-3.6551E-03
-3.6531E-03
-3.6634E-03
-3.6621E-03
-3.6580E-03
-3.6566E-03
-3.6496E-03

1.3336E-04 -3.2262E-03
5595
5505

-4.6629E-06 -4.6924E-06 -3.6671E-03
17005
17095
15505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
1.600E-02,

40 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

6.400E-04
1.600E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505

U1

1.4942E-04

U2

0.

U3

-3.2353E-03

297
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095

1.1485E-04
9.7300E-05
8.9360E-05
8.6186E-05
8.0898E-05
6.1757E-05
5.1725E-05
5.5065E-05
4.4000E-05
3.9819E-05
3.9787E-05
3.9429E-05
3.9420E-05
3.8664E-05
3.6808E-05
3.6653E-05
3.6342E-05
3.5518E-05
3.5652E-05
2.3107E-05
2.3035E-05
2.2823E-05
2.2767E-05
2.2289E-05
1.7620E-05
1.7536E-05
1.7296E-05
1.6857E-05
1.6736E-05
6.4899E-06
6.4273E-06
6.2519E-06
6.0561E-06
5.8603E-06
5.8259E-06
5.7535E-06
5.5597E-06
5.3657E-06
5.1525E-06
3.6218E-06
3.5704E-06
3.4266E-06
3.2341E-06
3.1244E-06
1.3533E-06
1.3072E-06
1.1851E-06
1.1619E-06
9.4927E-07
-3.2098E-07
-3.3533E-07
-3.7015E-07
-4.7718E-07
-4.2624E-07
-2.1699E-06
-2.1592E-06
-2.1332E-06
-1.9731E-06
-2.0528E-06

3.8217E-05
7.6089E-05
1.0531E-04
1.3405E-04
0.
1.3799E-05
3.6463E-05
6.5910E-05
7.8207E-05
0.
1.7418E-05
3.4386E-05
4.7205E-05
5.7644E-05
0.
1.6147E-05
3.1763E-05
4.2983E-05
5.3331E-05
0.
1.0522E-05
2.0710E-05
2.8322E-05
3.4602E-05
0.
8.0149E-06
1.5811E-05
2.1569E-05
2.6587E-05
0.
3.7121E-06
7.0742E-06
9.2340E-06
1.1007E-05
0.
3.4425E-06
6.4673E-06
8.5293E-06
1.0019E-05
0.
2.5687E-06
4.8162E-06
6.0149E-06
6.9419E-06
0.
1.7497E-06
3.0480E-06
3.6797E-06
3.8583E-06
0.
7.3893E-07
1.3615E-06
1.3842E-06
1.4391E-06
0.
-2.6559E-07
-5.4374E-07
-6.8566E-07
-1.2167E-06

-3.2709E-03
-3.2934E-03
-3.3035E-03
-3.3138E-03
-3.3870E-03
-3.4074E-03
-3.4216E-03
-3.4362E-03
-3.4358E-03
-3.5921E-03
-3.5925E-03
-3.5932E-03
-3.5901E-03
-3.5941E-03
-3.6006E-03
-3.6008E-03
-3.6010E-03
-3.6061E-03
-3.6006E-03
-3.6450E-03
-3.6445E-03
-3.6429E-03
-3.6383E-03
-3.6388E-03
-3.6531E-03
-3.6524E-03
-3.6503E-03
-3.6515E-03
-3.6450E-03
-3.6787E-03
-3.6775E-03
-3.6741E-03
-3.6680E-03
-3.6661E-03
-3.6767E-03
-3.6754E-03
-3.6719E-03
-3.6710E-03
-3.6637E-03
-3.6826E-03
-3.6811E-03
-3.6771E-03
-3.6705E-03
-3.6681E-03
-3.6818E-03
-3.6802E-03
-3.6756E-03
-3.6737E-03
-3.6659E-03
-3.6855E-03
-3.6838E-03
-3.6790E-03
-3.6718E-03
-3.6690E-03
-3.6827E-03
-3.6810E-03
-3.6760E-03
-3.6737E-03
-3.6658E-03

298
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

-3.5413E-06
-3.5034E-06
-3.3935E-06
-3.3619E-06
-3.1498E-06
-5.1219E-06
-5.0626E-06
-4.9029E-06
-4.5844E-06
-4.5313E-06

MAXIMUM
AT NODE

1.4942E-04
5505

MINIMUM
AT NODE

0.
-1.0850E-06
-1.9060E-06
-2.7707E-06
-3.0760E-06
0.
-2.1402E-06
-4.0424E-06
-4.5942E-06
-5.5273E-06

-3.6854E-03
-3.6837E-03
-3.6786E-03
-3.6713E-03
-3.6685E-03
-3.6817E-03
-3.6801E-03
-3.6751E-03
-3.6727E-03
-3.6650E-03

1.3405E-04 -3.2353E-03
5595
5505

-5.1219E-06 -5.5273E-06 -3.6855E-03
17005
17095
15505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
2.000E-02,

50 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

8.000E-04
2.000E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035

U1

1.4987E-04
1.1530E-04
9.7748E-05
8.9801E-05
8.6621E-05
8.1388E-05
6.2245E-05
5.2207E-05
2.3510E-05
2.2996E-05
1.8510E-05
1.8413E-05
1.8135E-05
1.7650E-05
1.7491E-05
7.0200E-06
6.9436E-06
6.7299E-06
6.4944E-06
6.2553E-06
6.3568E-06
6.2682E-06

U2

0.
3.8422E-05
7.6496E-05
1.0586E-04
1.3474E-04
0.
1.4020E-05
3.6902E-05
2.9364E-05
3.5841E-05
0.
8.4760E-06
1.6689E-05
2.2718E-05
2.7944E-05
0.
4.0810E-06
7.7284E-06
1.0014E-05
1.1841E-05
0.
3.8243E-06

U3

-3.2443E-03
-3.2799E-03
-3.3024E-03
-3.3124E-03
-3.3227E-03
-3.3968E-03
-3.4171E-03
-3.433
-3.6523E-03
-3.6524E-03
-3.6683E-03
-3.6675E-03
-3.6652E-03
-3.6660E-03
-3.6591E-03
-3.6959E-03
-3.6945E-03
-3.6905E-03
-3.6838E-03
-3.6813E-03
-3.6940E-03
-3.6925E-03

299
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

6.0314E-06
5.7838E-06
5.5361E-06
4.0022E-06
3.9387E-06
3.7612E-06
3.5380E-06
3.3892E-06
1.6066E-06
1.5492E-06
1.3971E-06
1.3390E-06
1.1027E-06
-2.6403E-07
-2.8283E-07
-3.2882E-07
-4.4493E-07
-4.0597E-07
-2.2966E-06
-2.2845E-06
-2.2559E-06
-2.0921E-06
-2.1667E-06
-3.8375E-06
-3.7924E-06
-3.6613E-06
-3.6086E-06
-3.3748E-06
-5.5809E-06
-5.5094E-06
-5.3176E-06
-4.9613E-06
-4.8742E-06

MAXIMUM
AT NODE

1.4987E-04
5505

MINIMUM
AT NODE

7.1285E-06
9.3081E-06
1.0871E-05
0.
2.8835E-06
5.3679E-06
6.6397E-06
7.5560E-06
0.
2.0393E-06
3.5164E-06
4.1512E-06
4.3132E-06
0.
8.4292E-07
1.5435E-06
1.5425E-06
1.5399E-06
0.
-3.1633E-07
-6.4328E-07
-8.3794E-07
-1.4411E-06
0.
-1.2899E-06
-2.2432E-06
-3.2333E-06
-3.5726E-06
0.
-2.5310E-06
-4.7566E-06
-5.3535E-06
-6.3621E-06

-3.6884E-03
-3.6868E-03
-3.6790E-03
-3.7003E-03
-3.6986E-03
-3.6938E-03
-3.6866E-03
-3.6834E-03
-3.6999E-03
-3.6980E-03
-3.6926E-03
-3.6898E-03
-3.6813E-03
-3.7038E-03
-3.7018E-03
-3.6960E-03
-3.6880E-03
-3.6844E-03
-3.7011E-03
-3.6991E-03
-3.6931E-03
-3.6899E-03
-3.6812E-03
-3.7037E-03
-3.7018E-03
-3.6957E-03
-3.6874E-03
-3.6839E-03
-3.7000E-03
-3.6981E-03
-3.6921E-03
-3.6888E-03
-3.6803E-03

1.3474E-04 -3.2443E-03
5595
5505

-5.5809E-06 -6.3621E-06 -3.7038E-03
17005
17095
15505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
2.400E-02,

60 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

9.600E-04
2.400E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE

U1

U2

U3

300
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065

1.5032E-04
0.
-3.2534E-03
1.1575E-04 3.8627E-05 -3.2890E-03
9.8196E-05 7.6902E-05 -3.3114E-03
9.0242E-05 1.0642E-04 -3.3213E-03
8.7057E-05 1.3543E-04 -3.3315E-03
8.1878E-05
0.
-3.4066E-03
6.2733E-05 1.4241E-05 -3.4269E-03
5.2689E-05 3.7340E-05 -3.4410E-03
5.6018E-05 6.7118E-05 -3.4555E-03
4.4938E-05 7.9694E-05 -3.4548E-03
4.1143E-05
0.
-3.6175E-03
4.1100E-05 1.8047E-05 -3.6178E-03
4.0712E-05 3.5611E-05 -3.6182E-03
4.0657E-05 4.8839E-05 -3.6147E-03
3.9868E-05 5.9631E-05 -3.6184E-03
3.8176E-05
0.
-3.6267E-03
3.8009E-05 1.6799E-05 -3.6268E-03
3.7663E-05 3.3033E-05 -3.6267E-03
3.6812E-05 4.4715E-05 -3.6314E-03
3.6892E-05 5.5399E-05 -3.6255E-03
2.4746E-05
0.
-3.6742E-03
2.4653E-05 1.1360E-05 -3.6735E-03
2.4384E-05 2.2312E-05 -3.6714E-03
2.4254E-05 3.0407E-05 -3.6663E-03
2.3704E-05 3.7079E-05 -3.6661E-03
1.9400E-05
0.
-3.6836E-03
1.9289E-05 8.9371E-06 -3.6827E-03
1.8974E-05 1.7568E-05 -3.6801E-03
1.8443E-05 2.3868E-05 -3.6806E-03
1.8246E-05 2.9300E-05 -3.6733E-03
7.5500E-06
0.
-3.7130E-03
7.4599E-06 4.4499E-06 -3.7114E-03
7.2078E-06 8.3825E-06 -3.7069E-03
6.9326E-06 1.0794E-05 -3.6996E-03
6.6502E-06 1.2676E-05 -3.6965E-03
6.8878E-06
0.
-3.7112E-03
6.7829E-06 4.2061E-06 -3.7095E-03
6.5031E-06 7.7897E-06 -3.7048E-03
6.2020E-06 1.0087E-05 -3.7027E-03
5.9197E-06 1.1722E-05 -3.6942E-03
4.3825E-06
0.
-3.7180E-03
4.3069E-06 3.1983E-06 -3.7161E-03
4.0958E-06 5.9196E-06 -3.7106E-03
3.8419E-06 7.2644E-06 -3.7026E-03
3.6540E-06 8.1702E-06 -3.6988E-03
1.8599E-06
0.
-3.7181E-03
1.7912E-06 2.3290E-06 -3.7159E-03
1.6092E-06 3.9847E-06 -3.7096E-03
1.5162E-06 4.6227E-06 -3.7060E-03
1.2561E-06 4.7680E-06 -3.6968E-03
-2.0709E-07
0.
-3.7221E-03
-2.3033E-07 9.4691E-07 -3.7198E-03
-2.8749E-07 1.7256E-06 -3.7131E-03
-4.1269E-07 1.7008E-06 -3.7042E-03
-3.8570E-07 1.6407E-06 -3.6998E-03
-2.4232E-06
0.
-3.7195E-03
-2.4097E-06 -3.6706E-07 -3.7172E-03
-2.3786E-06 -7.4283E-07 -3.7102E-03

301
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

-2.2112E-06
-2.2806E-06
-4.1337E-06
-4.0814E-06
-3.9292E-06
-3.8552E-06
-3.5998E-06
-6.0399E-06
-5.9561E-06
-5.7323E-06
-5.3382E-06
-5.2170E-06

MAXIMUM
AT NODE

1.5032E-04
5505

MINIMUM
AT NODE

-9.9022E-07
-1.6654E-06
0.
-1.4948E-06
-2.5804E-06
-3.6959E-06
-4.0692E-06
0.
-2.9217E-06
-5.4709E-06
-6.1128E-06
-7.1970E-06

-3.7061E-03
-3.6966E-03
-3.7221E-03
-3.7198E-03
-3.7128E-03
-3.7036E-03
-3.6992E-03
-3.7183E-03
-3.7161E-03
-3.7091E-03
-3.7049E-03
-3.6957E-03

1.3543E-04 -3.2534E-03
5595
5505

-6.0399E-06 -7.1970E-06 -3.7221E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
2.800E-02,

70 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

1.120E-03
2.800E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095

U1

1.5078E-04
1.1620E-04
9.8643E-05
9.0683E-05
8.7492E-05
8.2368E-05
6.3221E-05
5.3172E-05
5.6495E-05
4.5406E-05
4.1805E-05
4.1757E-05
4.1354E-05
4.1275E-05
4.0469E-05
3.8860E-05
3.8688E-05
3.8324E-05
3.7459E-05
3.7512E-05

U2

0.
3.8832E-05
7.7309E-05
1.0698E-04
1.3612E-04
0.
1.4463E-05
3.7778E-05
6.7722E-05
8.0438E-05
0.
1.8361E-05
3.6223E-05
4.9656E-05
6.0624E-05
0.
1.7125E-05
3.3669E-05
4.5581E-05
5.6433E-05

U3

-3.2624E-03
-3.2980E-03
-3.3204E-03
-3.3302E-03
-3.3404E-03
-3.4163E-03
-3.4366E-03
-3.4507E-03
-3.4651E-03
-3.4644E-03
-3.6302E-03
-3.6304E-03
-3.6307E-03
-3.6270E-03
-3.6305E-03
-3.6398E-03
-3.6397E-03
-3.6395E-03
-3.6441E-03
-3.6379E-03

302
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

2.5565E-05
2.5462E-05
2.5164E-05
2.4997E-05
2.4412E-05
2.0290E-05
2.0166E-05
1.9813E-05
1.9237E-05
1.9000E-05
8.0801E-06
7.9762E-06
7.6858E-06
7.3709E-06
7.0452E-06
7.4187E-06
7.2977E-06
6.9748E-06
6.6202E-06
6.3033E-06
4.7628E-06
4.6752E-06
4.4304E-06
4.1458E-06
3.9188E-06
2.1133E-06
2.0332E-06
1.8213E-06
1.6934E-06
1.4095E-06
-1.5014E-07
-1.7783E-07
-2.4616E-07
-3.8044E-07
-3.6543E-07
-2.5499E-06
-2.5350E-06
-2.5013E-06
-2.3302E-06
-2.3945E-06
-4.4300E-06
-4.3704E-06
-4.1970E-06
-4.1019E-06
-3.8248E-06
-6.4989E-06
-6.4029E-06
-6.1470E-06
-5.7151E-06
-5.5599E-06

MAXIMUM
AT NODE

1.5078E-04
5505

MINIMUM
AT NODE

0.
1.1779E-05
2.3113E-05
3.1450E-05
3.8318E-05
0.
9.3983E-06
1.8446E-05
2.5018E-05
3.0657E-05
0.
4.8188E-06
9.0367E-06
1.1574E-05
1.3511E-05
0.
4.5879E-06
8.4509E-06
1.0866E-05
1.2573E-05
0.
3.5131E-06
6.4713E-06
7.8892E-06
8.7843E-06
0.
2.6187E-06
4.4531E-06
5.0942E-06
5.2228E-06
0.
1.0509E-06
1.9076E-06
1.8591E-06
1.7415E-06
0.
-4.1779E-07
-8.4237E-07
-1.1425E-06
-1.8898E-06
0.
-1.6997E-06
-2.9176E-06
-4.1585E-06
-4.5658E-06
0.
-3.3125E-06
-6.1851E-06
-6.8721E-06
-8.0318E-06

-3.6888E-03
-3.6881E-03
-3.6857E-03
-3.6802E-03
-3.6798E-03
-3.6989E-03
-3.6979E-03
-3.6949E-03
-3.6952E-03
-3.6875E-03
-3.7302E-03
-3.7284E-03
-3.7232E-03
-3.7153E-03
-3.7117E-03
-3.7285E-03
-3.7266E-03
-3.7213E-03
-3.7186E-03
-3.7095E-03
-3.7358E-03
-3.7336E-03
-3.7274E-03
-3.7186E-03
-3.7141E-03
-3.7363E-03
-3.7337E-03
-3.7266E-03
-3.7222E-03
-3.7122E-03
-3.7404E-03
-3.7378E-03
-3.7302E-03
-3.7204E-03
-3.7152E-03
-3.7379E-03
-3.7353E-03
-3.7273E-03
-3.7222E-03
-3.7120E-03
-3.7404E-03
-3.7378E-03
-3.7299E-03
-3.7197E-03
-3.7146E-03
-3.7366E-03
-3.7341E-03
-3.7262E-03
-3.7210E-03
-3.7111E-03

1.3612E-04 -3.2624E-03
5595
5505

-6.4989E-06 -8.0318E-06 -3.7404E-03
17005
17095
16505

INCREMENT

80 SUMMARY

303

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
3.200E-02,

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

1.280E-03
3.200E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505

U1

1.5123E-04
1.1666E-04
9.9091E-05
9.1124E-05
8.7927E-05
8.2858E-05
6.3709E-05
5.3654E-05
5.6972E-05
4.5875E-05
4.2467E-05
4.2413E-05
4.1996E-05
4.1893E-05
4.1071E-05
3.9544E-05
3.9366E-05
3.8985E-05
3.8106E-05
3.8132E-05
2.6384E-05
2.6271E-05
2.5945E-05
2.5740E-05
2.5119E-05
2.1179E-05
2.1042E-05
2.0651E-05
2.0030E-05
1.9755E-05
8.6101E-06
8.4925E-06
8.1637E-06
7.8092E-06
7.4401E-06
7.9496E-06
7.8124E-06
7.4465E-06
7.0384E-06
6.6869E-06
5.1431E-06

U2

0.
3.9037E-05
7.7715E-05
1.0753E-04
1.3681E-04
0.
1.4684E-05
3.8217E-05
6.8326E-05
8.1181E-05
0.
1.8676E-05
3.6835E-05
5.0473E-05
6.1618E-05
0.
1.7451E-05
3.4304E-05
4.6447E-05
5.7467E-05
0.
1.2198E-05
2.3913E-05
3.2493E-05
3.9556E-05
0.
9.8594E-06
1.9324E-05
2.6167E-05
3.2013E-05
0.
5.1877E-06
9.6908E-06
1.2354E-05
1.4345E-05
0.
4.9696E-06
9.1120E-06
1.1644E-05
1.3425E-05
0.

U3

-3.2715E-03
-3.3070E-03
-3.3294E-03
-3.3391E-03
-3.3492E-03
-3.4261E-03
-3.4464E-03
-3.4604E-03
-3.4748E-03
-3.4739E-03
-3.6429E-03
-3.6431E-03
-3.6432E-03
-3.6393E-03
-3.6426E-03
-3.6528E-03
-3.6527E-03
-3.6523E-03
-3.6568E-03
-3.6504E-03
-3.7035E-03
-3.7026E-03
-3.7000E-03
-3.6942E-03
-3.6934E-03
-3.7142E-03
-3.7130E-03
-3.7098E-03
-3.7098E-03
-3.7017E-03
-3.7474E-03
-3.7453E-03
-3.7396E-03
-3.7311E-03
-3.7268E-03
-3.7458E-03
-3.7437E-03
-3.7378E-03
-3.7344E-03
-3.7247E-03
-3.7535E-03

304
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

5.0434E-06
4.7650E-06
4.4497E-06
4.1836E-06
2.3666E-06
2.2752E-06
2.0334E-06
1.8705E-06
1.5630E-06
-9.3207E-08
-1.2534E-07
-2.0483E-07
-3.4820E-07
-3.4517E-07
-2.6765E-06
-2.6602E-06
-2.6239E-06
-2.4492E-06
-2.5084E-06
-4.7262E-06
-4.6594E-06
-4.4649E-06
-4.3485E-06
-4.0498E-06
-6.9580E-06
-6.8496E-06
-6.5617E-06
-6.0919E-06
-5.9028E-06

MAXIMUM
AT NODE

1.5123E-04
5505

MINIMUM
AT NODE

3.8278E-06
7.0230E-06
8.5140E-06
9.3984E-06
0.
2.9083E-06
4.9214E-06
5.5656E-06
5.6777E-06
0.
1.1549E-06
2.0896E-06
2.0174E-06
1.8424E-06
0.
-4.6852E-07
-9.4191E-07
-1.2948E-06
-2.1141E-06
0.
-1.9046E-06
-3.2548E-06
-4.6211E-06
-5.0624E-06
0.
-3.7033E-06
-6.8994E-06
-7.6314E-06
-8.8667E-06

-3.7510E-03
-3.7441E-03
-3.7346E-03
-3.7295E-03
-3.7544E-03
-3.7516E-03
-3.7437E-03
-3.7383E-03
-3.7277E-03
-3.7587E-03
-3.7558E-03
-3.7473E-03
-3.7366E-03
-3.7307E-03
-3.7563E-03
-3.7534E-03
-3.7444E-03
-3.7384E-03
-3.7274E-03
-3.7588E-03
-3.7559E-03
-3.7469E-03
-3.7358E-03
-3.7300E-03
-3.7549E-03
-3.7521E-03
-3.7432E-03
-3.7370E-03
-3.7264E-03

1.3681E-04 -3.2715E-03
5595
5505

-6.9580E-06 -8.8667E-06 -3.7588E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
3.600E-02,

90 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

1.440E-03
3.600E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565

U1

1.5168E-04
1.1711E-04
9.9538E-05

U2

U3

0.
-3.2805E-03
3.9242E-05 -3.3161E-03
7.8122E-05 -3.3383E-03

305
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535

9.1565E-05
8.8363E-05
8.3347E-05
6.4197E-05
5.4137E-05
5.7449E-05
4.6344E-05
4.3129E-05
4.3070E-05
4.2637E-05
4.2512E-05
4.1672E-05
4.0228E-05
4.0044E-05
3.9645E-05
3.8753E-05
3.8752E-05
2.7204E-05
2.7080E-05
2.6726E-05
2.6484E-05
2.5827E-05
2.2069E-05
2.1918E-05
2.1490E-05
2.0823E-05
2.0510E-05
9.1402E-06
9.0088E-06
8.6417E-06
8.2475E-06
7.8351E-06
8.4806E-06
8.3271E-06
7.9183E-06
7.4566E-06
7.0705E-06
5.5235E-06
5.4117E-06
5.0996E-06
4.7536E-06
4.4484E-06
2.6199E-06
2.5172E-06
2.2455E-06
2.0477E-06
1.7164E-06
-3.6265E-08
-7.2836E-08
-1.6351E-07
-3.1596E-07
-3.2490E-07
-2.8032E-06
-2.7855E-06
-2.7466E-06
-2.5682E-06
-2.6223E-06
-5.0224E-06
-4.9484E-06

1.0809E-04
1.3750E-04
0.
1.4905E-05
3.8655E-05
6.8930E-05
8.1924E-05
0.
1.8990E-05
3.7448E-05
5.1290E-05
6.2611E-05
0.
1.7778E-05
3.4940E-05
4.7313E-05
5.8501E-05
0.
1.2617E-05
2.4714E-05
3.3536E-05
4.0795E-05
0.
1.0321E-05
2.0202E-05
2.7317E-05
3.3370E-05
0.
5.5566E-06
1.0345E-05
1.3135E-05
1.5180E-05
0.
5.3514E-06
9.7732E-06
1.2423E-05
1.4276E-05
0.
4.1426E-06
7.5746E-06
9.1387E-06
1.0013E-05
0.
3.1980E-06
5.3898E-06
6.0371E-06
6.1325E-06
0.
1.2589E-06
2.2716E-06
2.1757E-06
1.9432E-06
0.
-5.1925E-07
-1.0415E-06
-1.4471E-06
-2.3385E-06
0.
-2.1095E-06

-3.3481E-03
-3.3581E-03
-3.4359E-03
-3.4561E-03
-3.4701E-03
-3.4844E-03
-3.4834E-03
-3.6556E-03
-3.6557E-03
-3.6557E-03
-3.6516E-03
-3.6548E-03
-3.6659E-03
-3.6657E-03
-3.6652E-03
-3.6694E-03
-3.6628E-03
-3.7181E-03
-3.7171E-03
-3.7143E-03
-3.7081E-03
-3.7071E-03
-3.7294E-03
-3.7282E-03
-3.7247E-03
-3.7243E-03
-3.7158E-03
-3.7645E-03
-3.7623E-03
-3.7560E-03
-3.7469E-03
-3.7420E-03
-3.7631E-03
-3.7608E-03
-3.7543E-03
-3.7503E-03
-3.7400E-03
-3.7713E-03
-3.7685E-03
-3.7609E-03
-3.7506E-03
-3.7448E-03
-3.7726E-03
-3.7695E-03
-3.7607E-03
-3.7545E-03
-3.7431E-03
-3.7770E-03
-3.7738E-03
-3.7644E-03
-3.7528E-03
-3.7461E-03
-3.7747E-03
-3.7714E-03
-3.7616E-03
-3.7546E-03
-3.7429E-03
-3.7772E-03
-3.7739E-03

306
16565
16580
16595
17005
17035
17065
17080
17095

-4.7328E-06
-4.5952E-06
-4.2748E-06
-7.4170E-06
-7.2963E-06
-6.9764E-06
-6.4688E-06
-6.2457E-06

MAXIMUM
AT NODE

1.5168E-04
5505

MINIMUM
AT NODE

-3.5920E-06
-5.0836E-06
-5.5590E-06
0.
-4.0940E-06
-7.6136E-06
-8.3906E-06
-9.7015E-06

-3.7640E-03
-3.7520E-03
-3.7454E-03
-3.7732E-03
-3.7701E-03
-3.7603E-03
-3.7531E-03
-3.7418E-03

1.3750E-04 -3.2805E-03
5595
5505

-7.4170E-06 -9.7015E-06 -3.7772E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

4.000E-04,
4.000E-02,

100 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

1.600E-03
4.000E-02

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580

U1

1.5214E-04
1.1756E-04
9.9986E-05
9.2005E-05
8.8798E-05
8.3837E-05
6.4685E-05
5.4619E-05
5.7926E-05
4.6813E-05
4.3791E-05
4.3726E-05
4.3279E-05
4.3130E-05
4.2274E-05
4.0913E-05
4.0722E-05
4.0306E-05
3.9400E-05
3.9372E-05
2.8023E-05
2.7889E-05
2.7506E-05
2.7227E-05

U2

0.
3.9447E-05
7.8528E-05
1.0865E-04
1.3819E-04
0.
1.5127E-05
3.9094E-05
6.9534E-05
8.2668E-05
0.
1.9305E-05
3.8060E-05
5.2106E-05
6.3605E-05
0.
1.8104E-05
3.5575E-05
4.8179E-05
5.9535E-05
0.
1.3036E-05
2.5515E-05
3.4579E-05

U3

-3.2896E-03
-3.3251E-03
-3.3473E-03
-3.3570E-03
-3.3669E-03
-3.4457E-03
-3.4659E-03
-3.4798E-03
-3.4940E-03
-3.4930E-03
-3.6683E-03
-3.6684E-03
-3.6682E-03
-3.6639E-03
-3.6669E-03
-3.6789E-03
-3.6787E-03
-3.6780E-03
-3.6821E-03
-3.6752E-03
-3.7327E-03
-3.7317E-03
-3.7286E-03
-3.7221E-03

307
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

2.6535E-05
2.2959E-05
2.2795E-05
2.2329E-05
2.1616E-05
2.1265E-05
9.6703E-06
9.5251E-06
9.1196E-06
8.6857E-06
8.2300E-06
9.0115E-06
8.8419E-06
8.3900E-06
7.8747E-06
7.4541E-06
5.9038E-06
5.7800E-06
5.4342E-06
5.0574E-06
4.7132E-06
2.8732E-06
2.7592E-06
2.4576E-06
2.2249E-06
1.8698E-06
2.0681E-08
-2.0334E-08
-1.2217E-07
-2.8371E-07
-3.0463E-07
-2.9298E-06
-2.9107E-06
-2.8693E-06
-2.6872E-06
-2.7362E-06
-5.3186E-06
-5.2374E-06
-5.0006E-06
-4.8419E-06
-4.4997E-06
-7.8760E-06
-7.7431E-06
-7.3911E-06
-6.8457E-06
-6.5886E-06

MAXIMUM
AT NODE

1.5214E-04
5505

MINIMUM
AT NODE

4.2033E-05
0.
1.0782E-05
2.1081E-05
2.8467E-05
3.4726E-05
0.
5.9255E-06
1.0999E-05
1.3915E-05
1.6014E-05
0.
5.7332E-06
1.0434E-05
1.3202E-05
1.5127E-05
0.
4.4574E-06
8.1263E-06
9.7635E-06
1.0627E-05
0.
3.4876E-06
5.8582E-06
6.5086E-06
6.5873E-06
0.
1.3629E-06
2.4537E-06
2.3340E-06
2.0440E-06
0.
-5.6998E-07
-1.1410E-06
-1.5993E-06
-2.5629E-06
0.
-2.3144E-06
-3.9292E-06
-5.5462E-06
-6.0556E-06
0.
-4.4848E-06
-8.3278E-06
-9.1499E-06
-1.0536E-05

-3.7207E-03
-3.7447E-03
-3.7434E-03
-3.7395E-03
-3.7389E-03
-3.7300E-03
-3.7817E-03
-3.7792E-03
-3.7724E-03
-3.7626E-03
-3.7572E-03
-3.7804E-03
-3.7778E-03
-3.7707E-03
-3.7661E-03
-3.7552E-03
-3.7890E-03
-3.7860E-03
-3.7777E-03
-3.7667E-03
-3.7602E-03
-3.7908E-03
-3.7873E-03
-3.7777E-03
-3.7707E-03
-3.7585E-03
-3.7953E-03
-3.7918E-03
-3.7815E-03
-3.7690E-03
-3.7615E-03
-3.7931E-03
-3.7895E-03
-3.7787E-03
-3.7708E-03
-3.7583E-03
-3.7955E-03
-3.7920E-03
-3.7811E-03
-3.7681E-03
-3.7608E-03
-3.7915E-03
-3.7881E-03
-3.7773E-03
-3.7692E-03
-3.7571E-03

1.3819E-04 -3.2896E-03
5595
5505

-7.8760E-06 -1.0536E-05 -3.7955E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

1.025E-02,
7.035E-02,

110 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

2.814E-03
7.035E-02

308

N O D E

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595

U1

1.5558E-04
1.2099E-04
1.0338E-04
9.5351E-05
9.2101E-05
8.7556E-05
6.8389E-05
5.8280E-05
6.1545E-05
5.0371E-05
4.8813E-05
4.8707E-05
4.8148E-05
4.7822E-05
4.6839E-05
4.6105E-05
4.5869E-05
4.5321E-05
4.4310E-05
4.4077E-05
3.4240E-05
3.4028E-05
3.3430E-05
3.2868E-05
3.1904E-05
2.9711E-05
2.9446E-05
2.8695E-05
2.7637E-05
2.6993E-05
1.3693E-05
1.3443E-05
1.2747E-05
1.2012E-05
1.1227E-05
1.3041E-05
1.2748E-05
1.1970E-05
1.1048E-05
1.0365E-05
8.7899E-06
8.5745E-06
7.9734E-06
7.3635E-06
6.7227E-06

U2

0.
4.1002E-05
8.1613E-05
1.1287E-04
1.4342E-04
0.
1.6807E-05
4.2421E-05
7.4117E-05
8.8310E-05
0.
2.1691E-05
4.2708E-05
5.8305E-05
7.1144E-05
0.
2.0578E-05
4.0398E-05
5.4750E-05
6.7382E-05
0.
1.6216E-05
3.1592E-05
4.2494E-05
5.1432E-05
0.
1.4281E-05
2.7745E-05
3.7191E-05
4.5021E-05
0.
8.7249E-06
1.5963E-05
1.9835E-05
2.2347E-05
0.
8.6305E-06
1.5452E-05
1.9112E-05
2.1588E-05
0.
6.8461E-06
1.2313E-05
1.4505E-05
1.5287E-05

U3

-3.3583E-03
-3.3937E-03
-3.4155E-03
-3.4246E-03
-3.4340E-03
-3.5199E-03
-3.5399E-03
-3.5533E-03
-3.5671E-03
-3.5653E-03
-3.7647E-03
-3.7644E-03
-3.7631E-03
-3.7573E-03
-3.7589E-03
-3.7779E-03
-3.7773E-03
-3.7754E-03
-3.7782E-03
-3.7696E-03
-3.8438E-03
-3.8420E-03
-3.8370E-03
-3.8280E-03
-3.8244E-03
-3.8606E-03
-3.8585E-03
-3.8524E-03
-3.8495E-03
-3.8376E-03
-3.9119E-03
-3.9078E-03
-3.8967E-03
-3.8822E-03
-3.8725E-03
-3.9116E-03
-3.9073E-03
-3.8958E-03
-3.8865E-03
-3.8710E-03
-3.9236E-03
-3.9187E-03
-3.9049E-03
-3.8883E-03
-3.8766E-03

309
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

4.7957E-06
4.5957E-06
4.0671E-06
3.5693E-06
3.0341E-06
4.5279E-07
3.7805E-07
1.9144E-07
-3.9003E-08
-1.5083E-07
-3.8908E-06
-3.8612E-06
-3.8003E-06
-3.5904E-06
-3.6005E-06
-7.5666E-06
-7.4306E-06
-7.0333E-06
-6.7137E-06
-6.2071E-06
-1.1359E-05
-1.1133E-05
-1.0538E-05
-9.7056E-06
-9.1906E-06

MAXIMUM
AT NODE

1.5558E-04
5505

MINIMUM
AT NODE

0.
5.6858E-06
9.4124E-06
1.0087E-05
1.0039E-05
0.
2.1520E-06
3.8350E-06
3.5354E-06
2.8090E-06
0.
-9.5495E-07
-1.8964E-06
-2.7550E-06
-4.2654E-06
0.
-3.8694E-06
-6.4881E-06
-9.0566E-06
-9.8240E-06
0.
-7.4502E-06
-1.3748E-05
-1.4912E-05
-1.6872E-05

-3.9287E-03
-3.9229E-03
-3.9069E-03
-3.8933E-03
-3.8757E-03
-3.9342E-03
-3.9284E-03
-3.9111E-03
-3.8918E-03
-3.8786E-03
-3.9327E-03
-3.9268E-03
-3.9086E-03
-3.8935E-03
-3.8752E-03
-3.9348E-03
-3.9290E-03
-3.9107E-03
-3.8906E-03
-3.8775E-03
-3.9304E-03
-3.9247E-03
-3.9066E-03
-3.8912E-03
-3.8737E-03

1.4342E-04 -3.3583E-03
5595
5505

-1.1359E-05 -1.6872E-05 -3.9348E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
0.857

,
,

120 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

3.428E-02
0.857

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035

U1

1.6374E-04
1.2914E-04
1.1147E-04
1.0336E-04
9.9969E-05
9.6504E-05
7.7293E-05

U2

0.
4.4710E-05
8.8965E-05
1.2299E-04
1.5591E-04
0.
2.0838E-05

U3

-3.5227E-03
-3.5578E-03
-3.5787E-03
-3.5866E-03
-3.5947E-03
-3.6976E-03
-3.7172E-03

310
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005

6.7073E-05
7.0176E-05
5.8913E-05
6.0816E-05
6.0613E-05
5.9786E-05
5.9057E-05
5.7752E-05
5.8544E-05
5.8199E-05
5.7332E-05
5.6050E-05
5.5346E-05
4.9115E-05
4.8715E-05
4.7602E-05
4.6368E-05
4.4752E-05
4.5872E-05
4.5365E-05
4.3932E-05
4.2042E-05
4.0704E-05
2.3318E-05
2.2818E-05
2.1426E-05
1.9972E-05
1.8399E-05
2.2684E-05
2.2097E-05
2.0537E-05
1.8642E-05
1.7333E-05
1.5696E-05
1.5262E-05
1.4049E-05
1.2883E-05
1.1531E-05
9.3969E-06
8.9914E-06
7.9195E-06
6.7862E-06
5.8212E-06
1.4862E-06
1.3308E-06
9.4133E-07
5.4678E-07
2.1659E-07
-6.1903E-06
-6.1354E-06
-6.0278E-06
-5.7524E-06
-5.6684E-06
-1.2947E-05
-1.2680E-05
-1.1899E-05
-1.1193E-05
-1.0294E-05
-1.9695E-05

5.0406E-05
8.5059E-05
1.0184E-04
0.
2.7397E-05
5.3821E-05
7.3145E-05
8.9173E-05
0.
2.6505E-05
5.1947E-05
7.0466E-05
8.6175E-05
0.
2.3825E-05
4.6131E-05
6.1437E-05
7.3919E-05
0.
2.2657E-05
4.3698E-05
5.8068E-05
6.9662E-05
0.
1.5424E-05
2.7842E-05
3.4003E-05
3.7501E-05
0.
1.5565E-05
2.7461E-05
3.3254E-05
3.7051E-05
0.
1.2562E-05
2.2331E-05
2.5851E-05
2.6439E-05
0.
1.0947E-05
1.7919E-05
1.8648E-05
1.8300E-05
0.
4.0399E-06
7.1397E-06
6.4105E-06
4.6382E-06
0.
-1.8760E-06
-3.7036E-06
-5.5221E-06
-8.3393E-06
0.
-7.5913E-06
-1.2613E-05
-1.7458E-05
-1.8844E-05
0.

-3.7295E-03
-3.7421E-03
-3.7385E-03
-3.9953E-03
-3.9941E-03
-3.9902E-03
-3.9810E-03
-3.9792E-03
-4.0150E-03
-4.0133E-03
-4.0085E-03
-4.0083E-03
-3.9955E-03
-4.1095E-03
-4.1061E-03
-4.0964E-03
-4.0815E-03
-4.0725E-03
-4.1381E-03
-4.1341E-03
-4.1226E-03
-4.1143E-03
-4.0951E-03
-4.2235E-03
-4.2156E-03
-4.1943E-03
-4.1686E-03
-4.1483E-03
-4.2256E-03
-4.2174E-03
-4.1952E-03
-4.1744E-03
-4.1481E-03
-4.2458E-03
-4.2362E-03
-4.2094E-03
-4.1794E-03
-4.1553E-03
-4.2587E-03
-4.2474E-03
-4.2161E-03
-4.1870E-03
-4.1561E-03
-4.2667E-03
-4.2552E-03
-4.2214E-03
-4.1859E-03
-4.1587E-03
-4.2669E-03
-4.2552E-03
-4.2196E-03
-4.1873E-03
-4.1552E-03
-4.2683E-03
-4.2567E-03
-4.2209E-03
-4.1838E-03
-4.1570E-03
-4.2628E-03

311
17035
17065
17080
17095

-1.9246E-05
-1.8069E-05
-1.6551E-05
-1.5417E-05

MAXIMUM
AT NODE

1.6374E-04
5505

MINIMUM
AT NODE

-1.4547E-05
-2.6719E-05
-2.8703E-05
-3.2033E-05

-4.2516E-03
-4.2162E-03
-4.1833E-03
-4.1528E-03

1.5591E-04 -3.5227E-03
5595
5505

-1.9695E-05 -3.2033E-05 -4.2683E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP
6095
4.5055E-05
8505
4.1243E-05
8535
4.1200E-05
8565
4.0812E-05
8580
4.0774E-05
8595
3.9961E-05
9005
3.8314E-05
9035
3.8146E-05
9065
3.7795E-05
9080
3.6915E-05
9095
3.7016E-05
10505
2.4887E-05
10535
2.4793E-05
10565
2.4519E-05
10580
2.4389E-05
10595
2.3827E-05
11005
1.9564E-05
11035
1.9451E-05
11065
1.9128E-05
11080
1.8583E-05
11095
1.8385E-05
13505
7.6441E-06
13535
7.5515E-06
13565
7.2926E-06
13580
7.0121E-06
13595
6.7201E-06
14005
6.9844E-06
14035
6.8766E-06
14065
6.5891E-06
14080
6.2762E-06
14095
5.9897E-06
14505
4.4500E-06
14535
4.3723E-06
14565
4.1552E-06
14580
3.8969E-06
14595
3.7008E-06
15005
1.9063E-06
15035
1.8355E-06
15065
1.6481E-06
15080
1.5473E-06
15095
1.2845E-06
15505
-1.9765E-07

0.117

,

7.9862E-05
0.
1.8098E-05
3.5710E-05
4.8991E-05
5.9793E-05
0.
1.6863E-05
3.3158E-05
4.4860E-05
5.5599E-05
0.
1.1434E-05
2.2453E-05
3.0597E-05
3.7297E-05
0.
9.0219E-06
1.7729E-05
2.4072E-05
2.9550E-05
0.
4.5156E-06
8.4989E-06
1.0935E-05
1.2824E-05
0.
4.2754E-06
7.9100E-06
1.0226E-05
1.1877E-05
0.
3.2543E-06
6.0177E-06
7.3773E-06
8.2789E-06
0.
2.3816E-06
4.0699E-06
4.7060E-06
4.8512E-06
0.

130 SUMMARY

FRACTION OF STEP COMPLETED
-3.4567E-03
-3.6198E-03
-3.6201E-03
-3.6205E-03
-3.6170E-03
-3.6206E-03
-3.6292E-03
-3.6292E-03
-3.6291E-03
-3.6337E-03
-3.6279E-03
-3.6769E-03
-3.6762E-03
-3.6740E-03
-3.6688E-03
-3.6686E-03
-3.6865E-03
-3.6855E-03
-3.6828E-03
-3.6832E-03
-3.6760E-03
-3.7162E-03
-3.7145E-03
-3.7098E-03
-3.7025E-03
-3.6992E-03
-3.7145E-03
-3.7127E-03
-3.7079E-03
-3.7056E-03
-3.6971E-03
-3.7212E-03
-3.7193E-03
-3.7136E-03
-3.7055E-03
-3.7016E-03
-3.7215E-03
-3.7192E-03
-3.7128E-03
-3.7089E-03
-3.6997E-03
-3.7254E-03

8.099E-02

312
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

-2.2169E-07
-2.8085E-07
-4.0667E-07
-3.8282E-07
-2.4454E-06
-2.4316E-06
-2.4000E-06
-2.2334E-06
-2.3005E-06
-4.1879E-06
-4.1343E-06
-3.9782E-06
-3.8995E-06
-3.6411E-06
-6.1220E-06
-6.0360E-06
-5.8064E-06
-5.4069E-06
-5.2782E-06

MAXIMUM
AT NODE

1.5033E-04
5505

MINIMUM
AT NODE

9.6497E-07
1.7571E-06
1.7294E-06
1.6569E-06
0.
-3.7583E-07
-7.6001E-07
-1.0193E-06
-1.7048E-06
0.
-1.5324E-06
-2.6425E-06
-3.7792E-06
-4.1608E-06
0.
-2.9917E-06
-5.5988E-06
-6.2513E-06
-7.3465E-06

-3.7231E-03
-3.7162E-03
-3.7072E-03
-3.7026E-03
-3.7229E-03
-3.7206E-03
-3.7134E-03
-3.7090E-03
-3.6995E-03
-3.7254E-03
-3.7231E-03
-3.7159E-03
-3.7065E-03
-3.7020E-03
-3.7217E-03
-3.7194E-03
-3.7123E-03
-3.7078E-03
-3.6986E-03

1.3551E-04 -3.2550E-03
5595
5505

-6.1220E-06 -7.3465E-06 -3.7254E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
3.19

,
,

140 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.128
3.19

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565

U1

1.6934E-04
1.3472E-04
1.1700E-04
1.0881E-04
1.0535E-04
1.0256E-04
8.3323E-05
7.3035E-05
7.6071E-05
6.4706E-05
6.8997E-05
6.8727E-05
6.7716E-05

U2

0.
4.7243E-05
9.3989E-05
1.2988E-04
1.6444E-04
0.
2.3573E-05
5.5825E-05
9.2524E-05
1.1103E-04
0.
3.1284E-05
6.1391E-05

U3

-3.6346E-03
-3.6694E-03
-3.6897E-03
-3.6968E-03
-3.7041E-03
-3.8184E-03
-3.8378E-03
-3.8493E-03
-3.8611E-03
-3.8563E-03
-4.1523E-03
-4.1505E-03
-4.1447E-03

313
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

6.6699E-05
6.5187E-05
6.6999E-05
6.6581E-05
6.5498E-05
6.4047E-05
6.3008E-05
5.9242E-05
5.8714E-05
5.7250E-05
5.5555E-05
5.3498E-05
5.6869E-05
5.6197E-05
5.4300E-05
5.1847E-05
5.0033E-05
2.9869E-05
2.9200E-05
2.7333E-05
2.5388E-05
2.3280E-05
2.9246E-05
2.8459E-05
2.6367E-05
2.3810E-05
2.2074E-05
2.0397E-05
1.9813E-05
1.8185E-05
1.6639E-05
1.4804E-05
1.2528E-05
1.1982E-05
1.0541E-05
8.9759E-06
7.7174E-06
2.1900E-06
1.9797E-06
1.4522E-06
9.4530E-07
4.6712E-07
-7.7556E-06
-7.6835E-06
-7.5441E-06
-7.2233E-06
-7.0760E-06
-1.6608E-05
-1.6252E-05
-1.5209E-05
-1.4242E-05
-1.3074E-05
-2.5368E-05
-2.4767E-05
-2.3194E-05
-2.1209E-05
-1.9655E-05

MAXIMUM

1.6934E-04

8.3241E-05
1.0145E-04
0.
3.0535E-05
5.9801E-05
8.1168E-05
9.8955E-05
0.
2.9004E-05
5.6029E-05
7.4327E-05
8.9227E-05
0.
2.8357E-05
5.4552E-05
7.2278E-05
8.6428E-05
0.
1.9983E-05
3.5927E-05
4.3645E-05
4.7815E-05
0.
2.0283E-05
3.5633E-05
4.2879E-05
4.7573E-05
0.
1.6453E-05
2.9149E-05
3.3573E-05
3.4029E-05
0.
1.4527E-05
2.3708E-05
2.4476E-05
2.3922E-05
0.
5.3251E-06
9.3895E-06
8.3670E-06
5.8843E-06
0.
-2.5030E-06
-4.9340E-06
-7.4042E-06
-1.1112E-05
0.
-1.0124E-05
-1.6780E-05
-2.3175E-05
-2.4982E-05
0.
-1.9376E-05
-3.5547E-05
-3.8087E-05
-4.2351E-05

-4.1331E-03
-4.1290E-03
-4.1762E-03
-4.1739E-03
-4.1670E-03
-4.1649E-03
-4.1492E-03
-4.2903E-03
-4.2858E-03
-4.2729E-03
-4.2540E-03
-4.2413E-03
-4.3269E-03
-4.3216E-03
-4.3064E-03
-4.2944E-03
-4.2703E-03
-4.4355E-03
-4.4251E-03
-4.3968E-03
-4.3634E-03
-4.3360E-03
-4.4392E-03
-4.4283E-03
-4.3988E-03
-4.3704E-03
-4.3367E-03
-4.4651E-03
-4.4522E-03
-4.4166E-03
-4.3774E-03
-4.3450E-03
-4.4832E-03
-4.4682E-03
-4.4264E-03
-4.3868E-03
-4.3469E-03
-4.4929E-03
-4.4776E-03
-4.4325E-03
-4.3861E-03
-4.3493E-03
-4.4943E-03
-4.4787E-03
-4.4312E-03
-4.3872E-03
-4.3456E-03
-4.4952E-03
-4.4798E-03
-4.4320E-03
-4.3833E-03
-4.3471E-03
-4.4889E-03
-4.4740E-03
-4.4268E-03
-4.3820E-03
-4.3426E-03

1.6444E-04 -3.6346E-03

314
AT NODE
MINIMUM
AT NODE

5505

5595

5505

-2.5368E-05 -4.2351E-05 -4.4952E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
4.36

,
,

150 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.174
4.36

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580

U1

1.6338E-04
1.2878E-04
1.1111E-04
1.0302E-04
9.9625E-05
9.6119E-05
7.6909E-05
6.6694E-05
6.9800E-05
5.8545E-05
6.0294E-05
6.0095E-05
5.9280E-05
5.8570E-05
5.7277E-05
5.8005E-05
5.7665E-05
5.6811E-05
5.5539E-05
5.4858E-05
4.8470E-05
4.8078E-05
4.6987E-05
4.5782E-05
4.4194E-05
4.5172E-05
4.4675E-05
4.3271E-05
4.1417E-05
4.0110E-05
2.2900E-05
2.2412E-05
2.1049E-05
1.9626E-05

U2

0.
4.4548E-05
8.8645E-05
1.2255E-04
1.5537E-04
0.
2.0664E-05
5.0061E-05
8.4583E-05
1.0126E-04
0.
2.7149E-05
5.3338E-05
7.2502E-05
8.8390E-05
0.
2.6248E-05
5.1447E-05
6.9783E-05
8.5361E-05
0.
2.3494E-05
4.5500E-05
6.0615E-05
7.2944E-05
0.
2.2294E-05
4.3006E-05
5.7163E-05
6.8594E-05
0.
1.5133E-05
2.7327E-05
3.3388E-05

U3

-3.5156E-03
-3.5507E-03
-3.5716E-03
-3.5796E-03
-3.5878E-03
-3.6899E-03
-3.7096E-03
-3.7219E-03
-3.7345E-03
-3.7310E-03
-3.9853E-03
-3.9842E-03
-3.9804E-03
-3.9713E-03
-3.9696E-03
-4.0047E-03
-4.0031E-03
-3.9984E-03
-3.9983E-03
-3.9857E-03
-4.0980E-03
-4.0946E-03
-4.0851E-03
-4.0705E-03
-4.0617E-03
-4.1261E-03
-4.1222E-03
-4.1109E-03
-4.1028E-03
-4.0840E-03
-4.2099E-03
-4.2023E-03
-4.1814E-03
-4.1562E-03

315
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

1.8088E-05
2.2266E-05
2.1692E-05
2.0166E-05
1.8312E-05
1.7030E-05
1.5397E-05
1.4971E-05
1.3786E-05
1.2643E-05
1.1323E-05
9.1974E-06
8.8008E-06
7.7524E-06
6.6466E-06
5.7003E-06
1.4413E-06
1.2894E-06
9.0875E-07
5.2138E-07
2.0060E-07
-6.0905E-06
-6.0367E-06
-5.9311E-06
-5.6587E-06
-5.5786E-06
-1.2714E-05
-1.2452E-05
-1.1688E-05
-1.0999E-05
-1.0116E-05
-1.9334E-05
-1.8894E-05
-1.7742E-05
-1.6254E-05
-1.5147E-05

MAXIMUM
AT NODE

1.6338E-04
5505

MINIMUM
AT NODE

3.6844E-05
0.
1.5264E-05
2.6940E-05
3.2640E-05
3.6380E-05
0.
1.2314E-05
2.1896E-05
2.5359E-05
2.5955E-05
0.
1.0719E-05
1.7550E-05
1.8277E-05
1.7942E-05
0.
3.9580E-06
6.9963E-06
6.2858E-06
4.5588E-06
0.
-1.8360E-06
-3.6252E-06
-5.4022E-06
-8.1625E-06
0.
-7.4299E-06
-1.2347E-05
-1.7093E-05
-1.8453E-05
0.
-1.4239E-05
-2.6156E-05
-2.8105E-05
-3.1375E-05

-4.1364E-03
-4.2120E-03
-4.2039E-03
-4.1822E-03
-4.1620E-03
-4.1361E-03
-4.2318E-03
-4.2224E-03
-4.1962E-03
-4.1667E-03
-4.1432E-03
-4.2444E-03
-4.2334E-03
-4.2027E-03
-4.1742E-03
-4.1439E-03
-4.2522E-03
-4.2410E-03
-4.2079E-03
-4.1732E-03
-4.1465E-03
-4.2524E-03
-4.2410E-03
-4.2061E-03
-4.1746E-03
-4.1430E-03
-4.2539E-03
-4.2425E-03
-4.2074E-03
-4.1711E-03
-4.1449E-03
-4.2483E-03
-4.2374E-03
-4.2028E-03
-4.1706E-03
-4.1407E-03

1.5537E-04 -3.5156E-03
5595
5505

-1.9334E-05 -3.1375E-05 -4.2539E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
5.53

,
,

160 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.221
5.53

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS

316
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595

U1

1.5068E-04
1.1613E-04
9.8581E-05
9.0677E-05
8.7436E-05
8.2409E-05
6.3251E-05
5.3192E-05
5.6446E-05
4.5425E-05
4.1764E-05
4.1717E-05
4.1317E-05
4.1261E-05
4.0435E-05
3.8854E-05
3.8681E-05
3.8316E-05
3.7425E-05
3.7504E-05
2.5533E-05
2.5430E-05
2.5134E-05
2.4975E-05
2.4384E-05
2.0265E-05
2.0141E-05
1.9789E-05
1.9208E-05
1.8979E-05
8.0616E-06
7.9582E-06
7.6691E-06
7.3573E-06
7.0312E-06
7.4027E-06
7.2822E-06
6.9607E-06
6.6056E-06
6.2920E-06
4.7496E-06
4.6624E-06
4.4187E-06
4.1363E-06
3.9094E-06
2.1059E-06
2.0262E-06
1.8152E-06
1.6869E-06
1.4054E-06
-1.5281E-07
-1.8035E-07
-2.4830E-07
-3.8127E-07
-3.6687E-07

U2

0.
3.8810E-05
7.7266E-05
1.0696E-04
1.3605E-04
0.
1.4468E-05
3.7788E-05
6.7674E-05
8.0449E-05
0.
1.8345E-05
3.6192E-05
4.9635E-05
6.0575E-05
0.
1.7120E-05
3.3659E-05
4.5542E-05
5.6414E-05
0.
1.1764E-05
2.3083E-05
3.1419E-05
3.8272E-05
0.
9.3852E-06
1.8421E-05
2.4978E-05
3.0618E-05
0.
4.8062E-06
9.0142E-06
1.1550E-05
1.3482E-05
0.
4.5762E-06
8.4309E-06
1.0839E-05
1.2548E-05
0.
3.5023E-06
6.4523E-06
7.8695E-06
8.7627E-06
0.
2.6098E-06
4.4389E-06
5.0774E-06
5.2095E-06
0.
1.0469E-06
1.9004E-06
1.8542E-06
1.7363E-06

U3

-3.2622E-03
-3.2977E-03
-3.3201E-03
-3.3301E-03
-3.3401E-03
-3.4162E-03
-3.4365E-03
-3.4506E-03
-3.4649E-03
-3.4642E-03
-3.6298E-03
-3.6300E-03
-3.6303E-03
-3.6267E-03
-3.6301E-03
-3.6395E-03
-3.6394E-03
-3.6392E-03
-3.6437E-03
-3.6376E-03
-3.6884E-03
-3.6876E-03
-3.6853E-03
-3.6798E-03
-3.6793E-03
-3.6985E-03
-3.6975E-03
-3.6945E-03
-3.6947E-03
-3.6871E-03
-3.7297E-03
-3.7278E-03
-3.7227E-03
-3.7149E-03
-3.7112E-03
-3.7281E-03
-3.7262E-03
-3.7209E-03
-3.7181E-03
-3.7091E-03
-3.7352E-03
-3.7330E-03
-3.7268E-03
-3.7182E-03
-3.7137E-03
-3.7358E-03
-3.7333E-03
-3.7262E-03
-3.7217E-03
-3.7118E-03
-3.7398E-03
-3.7372E-03
-3.7297E-03
-3.7199E-03
-3.7148E-03

317
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

-2.5451E-06
-2.5303E-06
-2.4967E-06
-2.3271E-06
-2.3902E-06
-4.4213E-06
-4.3619E-06
-4.1892E-06
-4.0938E-06
-3.8184E-06
-6.4836E-06
-6.3879E-06
-6.1331E-06
-5.7038E-06
-5.5483E-06

MAXIMUM
AT NODE

1.5068E-04
5505

MINIMUM
AT NODE

0.
-4.1579E-07
-8.3842E-07
-1.1393E-06
-1.8816E-06
0.
-1.6938E-06
-2.9081E-06
-4.1436E-06
-4.5520E-06
0.
-3.2996E-06
-6.1615E-06
-6.8495E-06
-8.0042E-06

-3.7374E-03
-3.7348E-03
-3.7269E-03
-3.7217E-03
-3.7116E-03
-3.7399E-03
-3.7373E-03
-3.7293E-03
-3.7192E-03
-3.7142E-03
-3.7361E-03
-3.7336E-03
-3.7257E-03
-3.7205E-03
-3.7107E-03

1.3605E-04 -3.2622E-03
5595
5505

-6.4836E-06 -8.0042E-06 -3.7399E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
6.70

,
,

170 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.268
6.70

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035

U1

1.6970E-04
1.3508E-04
1.1735E-04
1.0916E-04
1.0569E-04
1.0294E-04
8.3708E-05
7.3415E-05
7.6447E-05
6.5076E-05
6.9518E-05
6.9243E-05
6.8221E-05
6.7186E-05
6.5661E-05
6.7538E-05
6.7115E-05

U2

0.
4.7404E-05
9.4309E-05
1.3031E-04
1.6498E-04
0.
2.3748E-05
5.6170E-05
9.3000E-05
1.1162E-04
0.
3.1532E-05
6.1873E-05
8.3884E-05
1.0224E-04
0.
3.0791E-05

U3

-3.6417E-03
-3.6766E-03
-3.6968E-03
-3.7038E-03
-3.7110E-03
-3.8261E-03
-3.8455E-03
-3.8569E-03
-3.8687E-03
-3.8638E-03
-4.1623E-03
-4.1605E-03
-4.1546E-03
-4.1428E-03
-4.1386E-03
-4.1865E-03
-4.1841E-03

318
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

6.6018E-05
6.4557E-05
6.3496E-05
5.9887E-05
5.9351E-05
5.7865E-05
5.6140E-05
5.4055E-05
5.7570E-05
5.6887E-05
5.4961E-05
5.2472E-05
5.0628E-05
3.0287E-05
2.9606E-05
2.7709E-05
2.5734E-05
2.3591E-05
2.9664E-05
2.8864E-05
2.6739E-05
2.4140E-05
2.2376E-05
2.0696E-05
2.0103E-05
1.8449E-05
1.6878E-05
1.5013E-05
1.2727E-05
1.2173E-05
1.0708E-05
9.1154E-06
7.8383E-06
2.2349E-06
2.0211E-06
1.4847E-06
9.7070E-07
4.8308E-07
-7.8554E-06
-7.7822E-06
-7.6407E-06
-7.3171E-06
-7.1658E-06
-1.6842E-05
-1.6480E-05
-1.5420E-05
-1.4436E-05
-1.3252E-05
-2.5730E-05
-2.5119E-05
-2.3521E-05
-2.1506E-05
-1.9925E-05

MAXIMUM
AT NODE

1.6970E-04
5505

MINIMUM
AT NODE

6.0301E-05
8.1851E-05
9.9770E-05
0.
2.9334E-05
5.6659E-05
7.5148E-05
9.0202E-05
0.
2.8720E-05
5.5244E-05
7.3183E-05
8.7497E-05
0.
2.0274E-05
3.6443E-05
4.4259E-05
4.8473E-05
0.
2.0584E-05
3.6154E-05
4.3493E-05
4.8243E-05
0.
1.6701E-05
2.9584E-05
3.4065E-05
3.4513E-05
0.
1.4755E-05
2.4077E-05
2.4847E-05
2.4280E-05
0.
5.4070E-06
9.5329E-06
8.4918E-06
5.9637E-06
0.
-2.5430E-06
-5.0124E-06
-7.5241E-06
-1.1289E-05
0.
-1.0285E-05
-1.7046E-05
-2.3539E-05
-2.5373E-05
0.
-1.9684E-05
-3.6109E-05
-3.8685E-05
-4.3009E-05

-4.1771E-03
-4.1749E-03
-4.1590E-03
-4.3018E-03
-4.2972E-03
-4.2842E-03
-4.2650E-03
-4.2521E-03
-4.3389E-03
-4.3336E-03
-4.3182E-03
-4.3059E-03
-4.2815E-03
-4.4490E-03
-4.4384E-03
-4.4097E-03
-4.3758E-03
-4.3480E-03
-4.4528E-03
-4.4418E-03
-4.4118E-03
-4.3829E-03
-4.3487E-03
-4.4790E-03
-4.4660E-03
-4.4298E-03
-4.3900E-03
-4.3571E-03
-4.4976E-03
-4.4823E-03
-4.4399E-03
-4.3995E-03
-4.3590E-03
-4.5073E-03
-4.4918E-03
-4.4460E-03
-4.3988E-03
-4.3615E-03
-4.5088E-03
-4.4930E-03
-4.4447E-03
-4.4000E-03
-4.3578E-03
-4.5097E-03
-4.4940E-03
-4.4454E-03
-4.3960E-03
-4.3593E-03
-4.5033E-03
-4.4882E-03
-4.4402E-03
-4.3947E-03
-4.3547E-03

1.6498E-04 -3.6417E-03
5595
5505

-2.5730E-05 -4.3009E-05 -4.5097E-03
17005
17095
16505

319

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
7.86

,
,

180 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.315
7.86

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065

U1

1.6302E-04
1.2842E-04
1.1076E-04
1.0267E-04
9.9281E-05
9.5735E-05
7.6526E-05
6.6315E-05
6.9423E-05
5.8176E-05
5.9772E-05
5.9577E-05
5.8774E-05
5.8083E-05
5.6803E-05
5.7467E-05
5.7131E-05
5.6291E-05
5.5029E-05
5.4370E-05
4.7824E-05
4.7440E-05
4.6372E-05
4.5197E-05
4.3636E-05
4.4471E-05
4.3984E-05
4.2611E-05
4.0792E-05
3.9515E-05
2.2483E-05
2.2005E-05
2.0672E-05
1.9281E-05
1.7776E-05
2.1847E-05
2.1286E-05
1.9794E-05

U2

0.
4.4386E-05
8.8324E-05
1.2212E-04
1.5482E-04
0.
2.0489E-05
4.9716E-05
8.4106E-05
1.0067E-04
0.
2.6902E-05
5.2855E-05
7.1858E-05
8.7607E-05
0.
2.5991E-05
5.0946E-05
6.9101E-05
8.4546E-05
0.
2.3164E-05
4.4870E-05
5.9793E-05
7.1968E-05
0.
2.1931E-05
4.2314E-05
5.6257E-05
6.7525E-05
0.
1.4843E-05
2.6812E-05
3.2774E-05
3.6186E-05
0.
1.4963E-05
2.6419E-05

U3

-3.5085E-03
-3.5435E-03
-3.5645E-03
-3.5726E-03
-3.5808E-03
-3.6822E-03
-3.7019E-03
-3.7142E-03
-3.7269E-03
-3.7235E-03
-3.9753E-03
-3.9742E-03
-3.9705E-03
-3.9616E-03
-3.9601E-03
-3.9944E-03
-3.9929E-03
-3.9883E-03
-3.9884E-03
-3.9759E-03
-4.0864E-03
-4.0832E-03
-4.0739E-03
-4.0595E-03
-4.0510E-03
-4.1140E-03
-4.1102E-03
-4.0992E-03
-4.0913E-03
-4.0728E-03
-4.1964E-03
-4.1889E-03
-4.1685E-03
-4.1438E-03
-4.1244E-03
-4.1984E-03
-4.1905E-03
-4.1692E-03

320
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

1.7983E-05
1.6728E-05
1.5097E-05
1.4681E-05
1.3522E-05
1.2404E-05
1.1114E-05
8.9978E-06
8.6101E-06
7.5853E-06
6.5070E-06
5.5795E-06
1.3965E-06
1.2480E-06
8.7618E-07
4.9598E-07
1.8462E-07
-5.9908E-06
-5.9381E-06
-5.8345E-06
-5.5649E-06
-5.4889E-06
-1.2480E-05
-1.2225E-05
-1.1477E-05
-1.0805E-05
-9.9393E-06
-1.8972E-05
-1.8542E-05
-1.7415E-05
-1.5957E-05
-1.4877E-05

MAXIMUM
AT NODE

1.6302E-04
5505

MINIMUM
AT NODE

3.2027E-05
3.5709E-05
0.
1.2066E-05
2.1462E-05
2.4867E-05
2.5471E-05
0.
1.0490E-05
1.7181E-05
1.7905E-05
1.7584E-05
0.
3.8760E-06
6.8528E-06
6.1611E-06
4.4793E-06
0.
-1.7961E-06
-3.5467E-06
-5.2822E-06
-7.9858E-06
0.
-7.2685E-06
-1.2082E-05
-1.6729E-05
-1.8062E-05
0.
-1.3931E-05
-2.5594E-05
-2.7507E-05
-3.0718E-05

-4.1495E-03
-4.1241E-03
-4.2179E-03
-4.2086E-03
-4.1830E-03
-4.1541E-03
-4.1311E-03
-4.2301E-03
-4.2193E-03
-4.1893E-03
-4.1615E-03
-4.1318E-03
-4.2378E-03
-4.2269E-03
-4.1945E-03
-4.1604E-03
-4.1344E-03
-4.2379E-03
-4.2267E-03
-4.1926E-03
-4.1618E-03
-4.1309E-03
-4.2394E-03
-4.2283E-03
-4.1940E-03
-4.1584E-03
-4.1327E-03
-4.2339E-03
-4.2232E-03
-4.1894E-03
-4.1579E-03
-4.1286E-03

1.5482E-04 -3.5085E-03
5595
5505

-1.8972E-05 -3.0718E-05 -4.2394E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
9.03

,
,

190 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.361
9.03

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE

U1

U2

U3

321
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080

1.5104E-04
0.
-3.2693E-03
1.1648E-04 3.8971E-05 -3.3049E-03
9.8932E-05 7.7585E-05 -3.3272E-03
9.1024E-05 1.0740E-04 -3.3371E-03
8.7778E-05 1.3659E-04 -3.3471E-03
8.2796E-05
0.
-3.4239E-03
6.3637E-05 1.4643E-05 -3.4442E-03
5.3572E-05 3.8134E-05 -3.4582E-03
5.6821E-05 6.8149E-05 -3.4724E-03
4.5794E-05 8.1035E-05 -3.4717E-03
4.2285E-05
0.
-3.6398E-03
4.2233E-05 1.8593E-05 -3.6400E-03
4.1822E-05 3.6674E-05 -3.6402E-03
4.1748E-05 5.0279E-05 -3.6364E-03
4.0908E-05 6.1357E-05 -3.6397E-03
3.9393E-05
0.
-3.6498E-03
3.9215E-05 1.7377E-05 -3.6497E-03
3.8837E-05 3.4160E-05 -3.6493E-03
3.7934E-05 4.6224E-05 -3.6537E-03
3.7993E-05 5.7229E-05 -3.6474E-03
2.6178E-05
0.
-3.6999E-03
2.6067E-05 1.2094E-05 -3.6991E-03
2.5749E-05 2.3714E-05 -3.6965E-03
2.5560E-05 3.2241E-05 -3.6908E-03
2.4941E-05 3.9248E-05 -3.6901E-03
2.0966E-05
0.
-3.7105E-03
2.0832E-05 9.7485E-06 -3.7094E-03
2.0450E-05 1.9113E-05 -3.7063E-03
1.9833E-05 2.5884E-05 -3.7062E-03
1.9574E-05 3.1687E-05 -3.6983E-03
8.4792E-06
0.
-3.7432E-03
8.3649E-06 5.0968E-06 -3.7412E-03
8.0456E-06 9.5296E-06 -3.7356E-03
7.7026E-06 1.2165E-05 -3.7273E-03
7.3423E-06 1.4139E-05 -3.7232E-03
7.8209E-06
0.
-3.7417E-03
7.6877E-06 4.8770E-06 -3.7396E-03
7.3323E-06 8.9518E-06 -3.7339E-03
6.9350E-06 1.1452E-05 -3.7306E-03
6.5942E-06 1.3218E-05 -3.7211E-03
5.0492E-06
0.
-3.7492E-03
4.9525E-06 3.7503E-06 -3.7468E-03
4.6823E-06 6.8869E-06 -3.7401E-03
4.3757E-06 8.3617E-06 -3.7308E-03
4.1180E-06 9.2465E-06 -3.7257E-03
2.3054E-06
0.
-3.7501E-03
2.2168E-06 2.8379E-06 -3.7473E-03
1.9823E-06 4.8079E-06 -3.7396E-03
1.8264E-06 5.4488E-06 -3.7344E-03
1.5262E-06 5.5678E-06 -3.7240E-03
-1.0797E-07
0.
-3.7542E-03
-1.3900E-07 1.1288E-06 -3.7514E-03
-2.1576E-07 2.0438E-06 -3.7431E-03
-3.5586E-07 1.9789E-06 -3.7327E-03
-3.5092E-07 1.8157E-06 -3.7269E-03
-2.6449E-06
0.
-3.7519E-03
-2.6289E-06 -4.5576E-07 -3.7490E-03
-2.5933E-06 -9.1684E-07 -3.7404E-03
-2.4209E-06 -1.2593E-06 -3.7345E-03

322
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

-2.4799E-06
-4.6546E-06
-4.5896E-06
-4.4003E-06
-4.2881E-06
-3.9956E-06
-6.8452E-06
-6.7398E-06
-6.4598E-06
-6.0007E-06
-5.8184E-06

MAXIMUM
AT NODE

1.5104E-04
5505

MINIMUM
AT NODE

-2.0583E-06
0.
-1.8552E-06
-3.1738E-06
-4.5081E-06
-4.9433E-06
0.
-3.6074E-06
-6.7241E-06
-7.4477E-06
-8.6619E-06

-3.7238E-03
-3.7543E-03
-3.7515E-03
-3.7428E-03
-3.7320E-03
-3.7263E-03
-3.7506E-03
-3.7478E-03
-3.7392E-03
-3.7331E-03
-3.7228E-03

1.3659E-04 -3.2693E-03
5595
5505

-6.8452E-06 -8.6619E-06 -3.7543E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
10.2

,
,

200 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.408
10.2

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505

U1

1.7006E-04
1.3543E-04
1.1770E-04
1.0951E-04
1.0604E-04
1.0333E-04
8.4094E-05
7.3796E-05
7.6822E-05
6.5446E-05
7.0039E-05
6.9760E-05
6.8726E-05
6.7673E-05
6.6135E-05
6.8078E-05
6.7650E-05
6.6539E-05
6.5066E-05
6.3985E-05
6.0533E-05

U2

0.
4.7565E-05
9.4628E-05
1.3075E-04
1.6552E-04
0.
2.3922E-05
5.6516E-05
9.3475E-05
1.1220E-04
0.
3.1780E-05
6.2355E-05
8.4528E-05
1.0302E-04
0.
3.1048E-05
6.0802E-05
8.2532E-05
1.0058E-04
0.

U3

-3.6489E-03
-3.6837E-03
-3.7039E-03
-3.7108E-03
-3.7180E-03
-3.8338E-03
-3.8532E-03
-3.8646E-03
-3.8763E-03
-3.8714E-03
-4.1723E-03
-4.1704E-03
-4.1644E-03
-4.1525E-03
-4.1481E-03
-4.1968E-03
-4.1944E-03
-4.1872E-03
-4.1848E-03
-4.1688E-03
-4.3134E-03

323
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565

5.9989E-05
5.8479E-05
5.6726E-05
5.4612E-05
5.8271E-05
5.7578E-05
5.5622E-05
5.3097E-05
5.1223E-05
3.0704E-05
3.0013E-05
2.8086E-05
2.6079E-05
2.3902E-05
3.0082E-05
2.9270E-05
2.7111E-05
2.4469E-05
2.2678E-05
2.0996E-05
2.0393E-05
1.8712E-05
1.7117E-05
1.5221E-05
1.2927E-05
1.2364E-05
1.0875E-05
9.2550E-06
7.9591E-06
2.2797E-06
2.0624E-06
1.5173E-06
9.9611E-07
4.9903E-07
-7.9552E-06
-7.8809E-06
-7.7374E-06
-7.4108E-06
-7.2555E-06
-1.7075E-05
-1.6707E-05
-1.5631E-05

2.9664E-05
5.7290E-05
7.5970E-05
9.1178E-05
0.
2.9083E-05
5.5936E-05
7.4089E-05
8.8566E-05
0.
2.0565E-05
3.6958E-05
4.4874E-05
4.9130E-05
0.
2.0885E-05
3.6675E-05
4.4106E-05
4.8914E-05
0.
1.6949E-05
3.0019E-05
3.4557E-05
3.4997E-05
0.
1.4983E-05
2.4446E-05
2.5219E-05
2.4638E-05
0.
5.4889E-06
9.6763E-06
8.6165E-06
6.0431E-06
0.
-2.5830E-06
-5.0908E-06
-7.6441E-06
-1.1466E-05
0.
-1.0447E-05
-1.7312E-0

-4.3087E-03
-4.2954E-03
-4.2759E-03
-4.2628E-03
-4.3509E-03
-4.3455E-03
-4.3299E-03
-4.3174E-03
-4.2927E-03
-4.4625E-03
-4.4518E-03
-4.4226E-03
-4.3883E-03
-4.3600E-03
-4.4665E-03
-4.4552E-03
-4.4248E-03
-4.3954E-03
-4.3607E-03
-4.4930E-03
-4.4797E-03
-4.4430E-03
-4.4027E-03
-4.3692E-03
-4.5119E-03
-4.4964E-03
-4.4533E-03
-4.4123E-03
-4.3712E-03
-4.5218E-03
-4.5060E-03
-4.4594E-03
-4.4116E-03
-4.3736E-03
-4.5233E-03
-4.5072E-03
-4.4582E-03
-4.4127E-03
-4.3699E-03
-4.5242E-03
-4.5083E-03
, TOTAL TIME COMPLETED

N O D E

11.4

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565

U1

1.6266E-04
1.2807E-04
1.1040E-04

U2

U3

0.
-3.5013E-03
4.4224E-05 -3.5364E-03
8.8003E-05 -3.5575E-03

324
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535

1.0232E-04
9.8938E-05
9.5350E-05
7.6143E-05
6.5935E-05
6.9047E-05
5.7808E-05
5.9250E-05
5.9060E-05
5.8268E-05
5.7596E-05
5.6329E-05
5.6928E-05
5.6597E-05
5.5771E-05
5.4519E-05
5.3882E-05
4.7178E-05
4.6803E-05
4.5757E-05
4.4611E-05
4.3079E-05
4.3770E-05
4.3294E-05
4.1950E-05
4.0167E-05
3.8921E-05
2.2065E-05
2.1598E-05
2.0296E-05
1.8936E-05
1.7465E-05
2.1429E-05
2.0881E-05
1.9423E-05
1.7653E-05
1.6426E-05
1.4797E-05
1.4391E-05
1.3259E-05
1.2165E-05
1.0905E-05
8.7983E-06
8.4195E-06
7.4183E-06
6.3674E-06
5.4586E-06
1.3516E-06
1.2067E-06
8.4360E-07
4.7058E-07
1.6863E-07
-5.8910E-06
-5.8394E-06
-5.7378E-06
-5.4712E-06
-5.3991E-06
-1.2247E-05
-1.1997E-05

1.2168E-04
1.5428E-04
0.
2.0315E-05
4.9371E-05
8.3630E-05
1.0009E-04
0.
2.6654E-05
5.2373E-05
7.1215E-05
8.6824E-05
0.
2.5734E-05
5.0446E-05
6.8419E-05
8.3732E-05
0.
2.2834E-05
4.4239E-05
5.8972E-05
7.0992E-05
0.
2.1568E-05
4.1623E-05
5.5351E-05
6.6457E-05
0.
1.4552E-05
2.6296E-05
3.2159E-05
3.5529E-05
0.
1.4662E-05
2.5899E-05
3.1413E-05
3.5039E-05
0.
1.1818E-05
2.1027E-05
2.4375E-05
2.4987E-05
0.
1.0262E-05
1.6812E-05
1.7534E-05
1.7225E-05
0.
3.7941E-06
6.7094E-06
6.0363E-06
4.3998E-06
0.
-1.7561E-06
-3.4683E-06
-5.1623E-06
-7.8090E-06
0.
-7.1071E-06

-3.5656E-03
-3.5738E-03
-3.6745E-03
-3.6942E-03
-3.7066E-03
-3.7193E-03
-3.7160E-03
-3.9653E-03
-3.9642E-03
-3.9607E-03
-3.9519E-03
-3.9505E-03
-3.9841E-03
-3.9826E-03
-3.9782E-03
-3.9784E-03
-3.9661E-03
-4.0749E-03
-4.0717E-03
-4.0626E-03
-4.0485E-03
-4.0402E-03
-4.1020E-03
-4.0983E-03
-4.0875E-03
-4.0798E-03
-4.0616E-03
-4.1829E-03
-4.1756E-03
-4.1556E-03
-4.1313E-03
-4.1124E-03
-4.1847E-03
-4.1771E-03
-4.1562E-03
-4.1370E-03
-4.1121E-03
-4.2039E-03
-4.1948E-03
-4.1698E-03
-4.1415E-03
-4.1191E-03
-4.2158E-03
-4.2052E-03
-4.1759E-03
-4.1488E-03
-4.1196E-03
-4.2234E-03
-4.2127E-03
-4.1810E-03
-4.1477E-03
-4.1222E-03
-4.2234E-03
-4.2125E-03
-4.1792E-03
-4.1491E-03
-4.1188E-03
-4.2249E-03
-4.2141E-03

325
16565
16580
16595
17005
17035
17065
17080
17095

-1.1266E-05
-1.0610E-05
-9.7621E-06
-1.8610E-05
-1.8190E-05
-1.7089E-05
-1.5660E-05
-1.4607E-05

MAXIMUM
AT NODE

1.6266E-04
5505

MINIMUM
AT NODE

-1.1816E-05
-1.6364E-05
-1.7671E-05
0.
-1.3623E-05
-2.5031E-05
-2.6909E-05
-3.0060E-05

-4.1805E-03
-4.1457E-03
-4.1206E-03
-4.2195E-03
-4.2090E-03
-4.1759E-03
-4.1453E-03
-4.1165E-03

1.5428E-04 -3.5013E-03
5595
5505

-1.8610E-05 -3.0060E-05 -4.2249E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
12.5

,
,

220 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.501
12.5

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580

U1

1.5139E-04
1.1684E-04
9.9284E-05
9.1372E-05
8.8120E-05
8.3183E-05
6.4022E-05
5.3953E-05
5.7196E-05
4.6164E-05
4.2806E-05
4.2750E-05
4.2327E-05
4.2235E-05
4.1382E-05
3.9932E-05
3.9750E-05
3.9357E-05
3.8444E-05
3.8482E-05
2.6823E-05
2.6704E-05
2.6364E-05
2.6146E-05

U2

0.
3.9132E-05
7.7904E-05
1.0784E-04
1.3714E-04
0.
1.4817E-05
3.8480E-05
6.8624E-05
8.1621E-05
0.
1.8840E-05
3.7156E-05
5.0922E-05
6.2140E-05
0.
1.7634E-05
3.4660E-05
4.6906E-05
5.8044E-05
0.
1.2424E-05
2.4345E-05
3.3062E-05

U3

-3.2764E-03
-3.3120E-03
-3.3343E-03
-3.3441E-03
-3.3540E-03
-3.4316E-03
-3.4519E-03
-3.4659E-03
-3.4800E-03
-3.4793E-03
-3.6498E-03
-3.6500E-03
-3.6500E-03
-3.6461E-03
-3.6492E-03
-3.6601E-03
-3.6599E-03
-3.6594E-03
-3.6637E-03
-3.6572E-03
-3.7114E-03
-3.7105E-03
-3.7078E-03
-3.7018E-03

326
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

2.5499E-05
2.1667E-05
2.1522E-05
2.1111E-05
2.0458E-05
2.0169E-05
8.8967E-06
8.7716E-06
8.4221E-06
8.0479E-06
7.6535E-06
8.2392E-06
8.0932E-06
7.7039E-06
7.2645E-06
6.8964E-06
5.3488E-06
5.2426E-06
4.9459E-06
4.6151E-06
4.3266E-06
2.5050E-06
2.4075E-06
2.1494E-06
1.9660E-06
1.6471E-06
-6.3125E-08
-9.7661E-08
-1.8321E-07
-3.3046E-07
-3.3496E-07
-2.7446E-06
-2.7276E-06
-2.6899E-06
-2.5147E-06
-2.5696E-06
-4.8880E-06
-4.8173E-06
-4.6113E-06
-4.4824E-06
-4.1729E-06
-7.2068E-06
-7.0917E-06
-6.7865E-06
-6.2976E-06
-6.0885E-06

MAXIMUM
AT NODE

1.5139E-04
5505

MINIMUM
AT NODE

4.0223E-05
0.
1.0112E-05
1.9805E-05
2.6789E-05
3.2756E-05
0.
5.3874E-06
1.0045E-05
1.2779E-05
1.4796E-05
0.
5.1778E-06
9.4727E-06
1.2066E-05
1.3889E-05
0.
3.9982E-06
7.3215E-06
8.8539E-06
9.7303E-06
0.
3.0661E-06
5.1768E-06
5.8202E-06
5.9261E-06
0.
1.2107E-06
2.1872E-06
2.1036E-06
1.8951E-06
0.
-4.9572E-07
-9.9525E-07
-1.3793E-06
-2.2351E-06
0.
-2.0167E-06
-3.4395E-06
-4.8725E-06
-5.3345E-06
0.
-3.9153E-06
-7.2868E-06
-8.0459E-06
-9.3196E-06

-3.7009E-03
-3.7226E-03
-3.7214E-03
-3.7180E-03
-3.7177E-03
-3.7095E-03
-3.7567E-03
-3.7545E-03
-3.7486E-03
-3.7397E-03
-3.7351E-03
-3.7553E-03
-3.7531E-03
-3.7468E-03
-3.7430E-03
-3.7331E-03
-3.7632E-03
-3.7606E-03
-3.7533E-03
-3.7434E-03
-3.7378E-03
-3.7644E-03
-3.7614E-03
-3.7530E-03
-3.7471E-03
-3.7361E-03
-3.7686E-03
-3.7656E-03
-3.7566E-03
-3.7454E-03
-3.7391E-03
-3.7664E-03
-3.7633E-03
-3.7539E-03
-3.7472E-03
-3.7359E-03
-3.7688E-03
-3.7657E-03
-3.7562E-03
-3.7447E-03
-3.7384E-03
-3.7650E-03
-3.7620E-03
-3.7526E-03
-3.7458E-03
-3.7349E-03

1.3714E-04 -3.2764E-03
5595
5505

-7.2068E-06 -9.3196E-06 -3.7688E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
13.7

,
,

230 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

0.548
13.7

327

N O D E

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595

U1

1.7041E-04
1.3579E-04
1.1805E-04
1.0985E-04
1.0638E-04
1.0372E-04
8.4479E-05
7.4176E-05
7.7197E-05
6.5815E-05
7.0560E-05
7.0277E-05
6.9232E-05
6.8160E-05
6.6609E-05
6.8617E-05
6.8184E-05
6.7060E-05
6.5576E-05
6.4474E-05
6.1178E-05
6.0626E-05
5.9094E-05
5.7311E-05
5.5170E-05
5.8972E-05
5.8268E-05
5.6282E-05
5.3721E-05
5.1817E-05
3.1122E-05
3.0420E-05
2.8462E-05
2.6424E-05
2.4214E-05
3.0501E-05
2.9675E-05
2.7482E-05
2.4799E-05
2.2980E-05
2.1296E-05
2.0683E-05
1.8976E-05
1.7357E-05
1.5430E-05

U2

0.
4.7726E-05
9.4948E-05
1.3119E-04
1.6607E-04
0.
2.4097E-05
5.6862E-05
9.3950E-05
1.1279E-04
0.
3.2027E-05
6.2838E-05
8.5172E-05
1.0380E-04
0.
3.1305E-05
6.1303E-05
8.3214E-05
1.0140E-04
0.
2.9994E-05
5.7921E-05
7.6791E-05
9.2154E-05
0.
2.9447E-05
5.6628E-05
7.4995E-05
8.9635E-05
0.
2.0855E-05
3.7473E-05
4.5488E-05
4.9788E-05
0.
2.1186E-05
3.7196E-05
4.4720E-05
4.9585E-05
0.
1.7197E-05
3.0453E-05
3.5049E-05
3.5481E-05

U3

-3.6560E-03
-3.6908E-03
-3.7110E-03
-3.7178E-03
-3.7250E-03
-3.8415E-03
-3.8609E-03
-3.8722E-03
-3.8839E-03
-3.8789E-03
-4.1823E-03
-4.1804E-03
-4.1743E-03
-4.1622E-03
-4.1577E-03
-4.2070E-03
-4.2046E-03
-4.1974E-03
-4.1948E-03
-4.1786E-03
-4.3249E-03
-4.3202E-03
-4.3067E-03
-4.2869E-03
-4.2736E-03
-4.3630E-03
-4.3575E-03
-4.3416E-03
-4.3289E-03
-4.3038E-03
-4.4760E-03
-4.4651E-03
-4.4355E-03
-4.4007E-03
-4.3719E-03
-4.4801E-03
-4.4687E-03
-4.4378E-03
-4.4079E-03
-4.3727E-03
-4.5070E-03
-4.4935E-03
-4.4562E-03
-4.4153E-03
-4.3813E-03

328
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

1.3127E-05
1.2554E-05
1.1042E-05
9.3945E-06
8.0800E-06
2.3246E-06
2.1037E-06
1.5498E-06
1.0215E-06
5.1499E-07
-8.0549E-06
-7.9795E-06
-7.8340E-06
-7.5046E-06
-7.3452E-06
-1.7308E-05
-1.6935E-05
-1.5842E-05
-1.4825E-05
-1.3606E-05
-2.6453E-05
-2.5823E-05
-2.4174E-05
-2.2099E-05
-2.0465E-05

MAXIMUM
AT NODE

1.7041E-04
5505

MINIMUM
AT NODE

0.
1.5211E-05
2.4815E-05
2.5590E-05
2.4997E-05
0.
5.5709E-06
9.8196E-06
8.7412E-06
6.1225E-06
0.
-2.6229E-06
-5.1692E-06
-7.7641E-06
-1.1643E-05
0.
-1.0608E-05
-1.7577E-05
-2.4268E-05
-2.6156E-05
0.
-2.0300E-05
-3.7235E-05
-3.9882E-05
-4.4324E-05

-4.5262E-03
-4.5105E-03
-4.4667E-03
-4.4250E-03
-4.3834E-03
-4.5362E-03
-4.5202E-03
-4.4729E-03
-4.4243E-03
-4.3858E-03
-4.5378E-03
-4.5214E-03
-4.4717E-03
-4.4255E-03
-4.3821E-03
-4.5386E-03
-4.5225E-03
-4.4723E-03
-4.4214E-03
-4.3835E-03
-4.5322E-03
-4.5165E-03
-4.4671E-03
-4.4200E-03
-4.3789E-03

1.6607E-04 -3.6560E-03
5595
5505

-2.6453E-05 -4.4324E-05 -4.5386E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
14.9

,
,

240 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.595
14.9

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035

U1

1.6230E-04
1.2771E-04
1.1005E-04
1.0197E-04
9.8595E-05
9.4965E-05
7.5759E-05

U2

0.
4.4063E-05
8.7682E-05
1.2124E-04
1.5373E-04
0.
2.0141E-05

U3

-3.4942E-03
-3.5293E-03
-3.5504E-03
-3.5585E-03
-3.5669E-03
-3.6668E-03
-3.6865E-03

329
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005

6.5555E-05
6.8671E-05
5.7438E-05
5.8729E-05
5.8543E-05
5.7762E-05
5.7109E-05
5.5855E-05
5.6389E-05
5.6063E-05
5.5251E-05
5.4010E-05
5.3394E-05
4.6533E-05
4.6166E-05
4.5142E-05
4.4026E-05
4.2521E-05
4.3069E-05
4.2604E-05
4.1289E-05
3.9542E-05
3.8326E-05
2.1647E-05
2.1191E-05
1.9919E-05
1.8591E-05
1.7154E-05
2.1011E-05
2.0475E-05
1.9051E-05
1.7324E-05
1.6124E-05
1.4498E-05
1.4101E-05
1.2995E-05
1.1925E-05
1.0697E-05
8.5987E-06
8.2289E-06
7.2512E-06
6.2278E-06
5.3378E-06
1.3067E-06
1.1653E-06
8.1104E-07
4.4518E-07
1.5266E-07
-5.7912E-06
-5.7407E-06
-5.6412E-06
-5.3775E-06
-5.3094E-06
-1.2014E-05
-1.1769E-05
-1.1055E-05
-1.0416E-05
-9.5848E-06
-1.8249E-05

4.9026E-05
8.3154E-05
9.9502E-05
0.
2.6406E-05
5.1890E-05
7.0572E-05
8.6041E-05
0.
2.5477E-05
4.9945E-05
6.7736E-05
8.2918E-05
0.
2.2504E-05
4.3608E-05
5.8150E-05
7.0016E-05
0.
2.1204E-05
4.0931E-05
5.4445E-05
6.5388E-05
0.
1.4261E-05
2.5781E-05
3.1545E-05
3.4871E-05
0.
1.4362E-05
2.5378E-05
3.0800E-05
3.4368E-05
0.
1.1570E-05
2.0592E-05
2.3882E-05
2.4504E-05
0.
1.0034E-05
1.6443E-05
1.7162E-05
1.6867E-05
0.
3.7122E-06
6.5660E-06
5.9116E-06
4.3204E-06
0.
-1.7161E-06
-3.3899E-06
-5.0424E-06
-7.6322E-06
0.
-6.9457E-06
-1.1551E-05
-1.6000E-05
-1.7280E-05
0.

-3.6990E-03
-3.7117E-03
-3.7085E-03
-3.9553E-03
-3.9543E-03
-3.9508E-03
-3.9422E-03
-3.9409E-03
-3.9739E-03
-3.9724E-03
-3.9681E-03
-3.9684E-03
-3.9563E-03
-4.0634E-03
-4.0603E-03
-4.0514E-03
-4.0375E-03
-4.0294E-03
-4.0900E-03
-4.0863E-03
-4.0758E-03
-4.0684E-03
-4.0505E-03
-4.1694E-03
-4.1622E-03
-4.1426E-03
-4.1189E-03
-4.1005E-03
-4.1711E-03
-4.1636E-03
-4.1432E-03
-4.1245E-03
-4.1001E-03
-4.1899E-03
-4.1811E-03
-4.1565E-03
-4.1289E-03
-4.1070E-03
-4.2015E-03
-4.1912E-03
-4.1624E-03
-4.1360E-03
-4.1075E-03
-4.2090E-03
-4.1985E-03
-4.1676E-03
-4.1349E-03
-4.1101E-03
-4.2089E-03
-4.1983E-03
-4.1657E-03
-4.1363E-03
-4.1066E-03
-4.2105E-03
-4.1999E-03
-4.1671E-03
-4.1329E-03
-4.1085E-03
-4.2051E-03

330
17035
17065
17080
17095

-1.7838E-05
-1.6762E-05
-1.5363E-05
-1.4337E-05

MAXIMUM
AT NODE

1.6230E-04
5505

MINIMUM
AT NODE

-1.3315E-05
-2.4468E-05
-2.6310E-05
-2.9402E-05

-4.1949E-03
-4.1625E-03
-4.1326E-03
-4.1044E-03

1.5373E-04 -3.4942E-03
5595
5505

-1.8249E-05 -2.9402E-05 -4.2105E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
16.0

,
,

250 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.641
16.0

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065

U1

1.5175E-04
1.1719E-04
9.9636E-05
9.1719E-05
8.8463E-05
8.3569E-05
6.4407E-05
5.4333E-05
5.7572E-05
4.6533E-05
4.3327E-05
4.3267E-05
4.2832E-05
4.2723E-05
4.1856E-05
4.0471E-05
4.0284E-05
3.9878E-05
3.8954E-05
3.8970E-05
2.7469E-05
2.7342E-05
2.6979E-05
2.6732E-05
2.6056E-05
2.2368E-05
2.2212E-05
2.1772E-05

U2

0.
3.9294E-05
7.8225E-05
1.0828E-04
1.3768E-04
0.
1.4992E-05
3.8825E-05
6.9100E-05
8.2207E-05
0.
1.9088E-05
3.7639E-05
5.1566E-05
6.2923E-05
0.
1.7891E-05
3.5161E-05
4.7588E-05
5.8859E-05
0.
1.2754E-05
2.4976E-05
3.3884E-05
4.1199E-05
0.
1.0475E-05
2.0497E-05

U3

-3.2836E-03
-3.3191E-03
-3.3413E-03
-3.3512E-03
-3.3610E-03
-3.4393E-03
-3.4595E-03
-3.4735E-03
-3.4876E-03
-3.4868E-03
-3.6598E-03
-3.6599E-03
-3.6599E-03
-3.6558E-03
-3.6588E-03
-3.6703E-03
-3.6702E-03
-3.6695E-03
-3.6736E-03
-3.6670E-03
-3.7230E-03
-3.7220E-03
-3.7191E-03
-3.7128E-03
-3.7116E-03
-3.7346E-03
-3.7333E-03
-3.7297E-03

331
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

2.1083E-05
2.0763E-05
9.3143E-06
9.1784E-06
8.7986E-06
8.3931E-06
7.9646E-06
8.6575E-06
8.4987E-06
8.0755E-06
7.5939E-06
7.1986E-06
5.6484E-06
5.5327E-06
5.2095E-06
4.8545E-06
4.5352E-06
2.7046E-06
2.5981E-06
2.3165E-06
2.1056E-06
1.7680E-06
-1.8264E-08
-5.6300E-08
-1.5065E-07
-3.0506E-07
-3.1899E-07
-2.8444E-06
-2.8263E-06
-2.7866E-06
-2.6084E-06
-2.6593E-06
-5.1214E-06
-5.0450E-06
-4.8223E-06
-4.6767E-06
-4.3501E-06
-7.5684E-06
-7.4437E-06
-7.1132E-06
-6.5945E-06
-6.3587E-06

MAXIMUM
AT NODE

1.5175E-04
5505

MINIMUM
AT NODE

2.7695E-05
3.3825E-05
0.
5.6780E-06
1.0560E-05
1.3394E-05
1.5454E-05
0.
5.4785E-06
9.9936E-06
1.2679E-05
1.4560E-05
0.
4.2462E-06
7.7561E-06
9.3460E-06
1.0214E-05
0.
3.2943E-06
5.5458E-06
6.1917E-06
6.2844E-06
0.
1.2926E-06
2.3306E-06
2.2283E-06
1.9745E-06
0.
-5.3569E-07
-1.0737E-06
-1.4993E-06
-2.4118E-06
0.
-2.1781E-06
-3.7051E-06
-5.2369E-06
-5.7257E-06
0.
-4.2231E-06
-7.8495E-06
-8.6440E-06
-9.9773E-06

-3.7292E-03
-3.7206E-03
-3.7702E-03
-3.7679E-03
-3.7615E-03
-3.7522E-03
-3.7471E-03
-3.7689E-03
-3.7665E-03
-3.7598E-03
-3.7555E-03
-3.7451E-03
-3.7771E-03
-3.7743E-03
-3.7665E-03
-3.7560E-03
-3.7499E-03
-3.7787E-03
-3.7755E-03
-3.7664E-03
-3.7599E-03
-3.7483E-03
-3.7831E-03
-3.7798E-03
-3.7701E-03
-3.7582E-03
-3.7512E-03
-3.7809E-03
-3.7775E-03
-3.7673E-03
-3.7600E-03
-3.7481E-03
-3.7833E-03
-3.7799E-03
-3.7697E-03
-3.7574E-03
-3.7505E-03
-3.7794E-03
-3.7762E-03
-3.7660E-03
-3.7585E-03
-3.7470E-03

1.3768E-04 -3.2836E-03
5595
5505

-7.5684E-06 -9.9773E-06 -3.7833E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
17.2

,
,

260 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

0.688
17.2

332
N O D E

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080

U1

1.7077E-04
1.3614E-04
1.1841E-04
1.1020E-04
1.0672E-04
1.0410E-04
8.4864E-05
7.4556E-05
7.7573E-05
6.6185E-05
7.1082E-05
7.0794E-05
6.9737E-05
6.8647E-05
6.7083E-05
6.9156E-05
6.8718E-05
6.7580E-05
6.6085E-05
6.4962E-05
6.1823E-05
6.1263E-05
5.9709E-05
5.7897E-05
5.5727E-05
5.9673E-05
5.8959E-05
5.6943E-05
5.4346E-05
5.2412E-05
3.1539E-05
3.0826E-05
2.8839E-05
2.6769E-05
2.4525E-05
3.0919E-05
3.0081E-05
2.7854E-05
2.5128E-05
2.3283E-05
2.1595E-05
2.0973E-05
1.9239E-05
1.7596E-05
1.5638E-05
1.3326E-05
1.2745E-05
1.1209E-05
9.5341E-06

U2

0.
4.7888E-05
9.5268E-05
1.3163E-04
1.6661E-04
0.
2.4271E-05
5.7207E-05
9.4426E-05
1.1337E-04
0.
3.2275E-05
6.3320E-05
8.5815E-05
1.0458E-04
0.
3.1562E-05
6.1803E-05
8.3897E-05
1.0221E-04
0.
3.0324E-05
5.8552E-05
7.7613E-05
9.3129E-05
0.
2.9810E-05
5.7320E-05
7.5901E-05
9.0703E-05
0.
2.1146E-05
3.7989E-05
4.6103E-05
5.0445E-05
0.
2.1486E-05
3.7717E-05
4.5333E-05
5.0255E-05
0.
1.7445E-05
3.0888E-05
3.5541E-05
3.5964E-05
0.
1.5440E-05
2.5184E-05
2.5961E-05

U3

-3.6631E-03
-3.6979E-03
-3.7181E-03
-3.7249E-03
-3.7320E-03
-3.8492E-03
-3.8685E-03
-3.8798E-03
-3.8915E-03
-3.8864E-03
-4.1924E-03
-4.1904E-03
-4.1841E-03
-4.1719E-03
-4.1673E-03
-4.2173E-03
-4.2148E-03
-4.2075E-03
-4.2048E-03
-4.1883E-03
-4.3364E-03
-4.3316E-03
-4.3180E-03
-4.2979E-03
-4.2843E-03
-4.3750E-03
-4.3694E-03
-4.3533E-03
-4.3404E-03
-4.3150E-03
-4.4896E-03
-4.4785E-03
-4.4484E-03
-4.4131E-03
-4.3839E-03
-4.4937E-03
-4.4821E-03
-4.4507E-03
-4.4204E-03
-4.3847E-03
-4.5210E-03
-4.5073E-03
-4.4694E-03
-4.4279E-03
-4.3933E-03
-4.5405E-03
-4.5245E-03
-4.4801E-03
-4.4377E-03

333
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

8.2009E-06
2.3694E-06
2.1451E-06
1.5824E-06
1.0469E-06
5.3095E-07
-8.1547E-06
-8.0782E-06
-7.9307E-06
-7.5984E-06
-7.4349E-06
-1.7542E-05
-1.7163E-05
-1.6053E-05
-1.5019E-05
-1.3783E-05
-2.6815E-05
-2.6175E-05
-2.4501E-05
-2.2396E-05
-2.0736E-05

MAXIMUM
AT NODE

1.7077E-04
5505

MINIMUM
AT NODE

2.5355E-05
0.
5.6528E-06
9.9630E-06
8.8659E-06
6.2019E-06
0.
-2.6629E-06
-5.2476E-06
-7.8841E-06
-1.1819E-05
0.
-1.0770E-05
-1.7843E-05
-2.4633E-05
-2.6547E-05
0.
-2.0608E-05
-3.7797E-05
-4.0480E-05
-4.4982E-05

-4.3955E-03
-4.5506E-03
-4.5343E-03
-4.4864E-03
-4.4371E-03
-4.3979E-03
-4.5523E-03
-4.5357E-03
-4.4851E-03
-4.4382E-03
-4.3942E-03
-4.5531E-03
-4.5367E-03
-4.4858E-03
-4.4342E-03
-4.3956E-03
-4.5466E-03
-4.5307E-03
-4.4805E-03
-4.4327E-03
-4.3910E-03

1.6661E-04 -3.6631E-03
5595
5505

-2.6815E-05 -4.4982E-05 -4.5531E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
18.4

,
,

270 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.735
18.4

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505

U1

1.6195E-04
1.2735E-04
1.0970E-04
1.0163E-04
9.8252E-05
9.4579E-05
7.5374E-05
6.5175E-05
6.8295E-05
5.7069E-05
5.8207E-05

U2

0.
4.3901E-05
8.7362E-05
1.2080E-04
1.5319E-04
0.
1.9967E-05
4.8681E-05
8.2678E-05
9.8917E-05
0.

U3

-3.4871E-03
-3.5222E-03
-3.5433E-03
-3.5515E-03
-3.5599E-03
-3.6591E-03
-3.6788E-03
-3.6913E-03
-3.7041E-03
-3.7010E-03
-3.9453E-03

334
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

5.8025E-05
5.7257E-05
5.6622E-05
5.5381E-05
5.5850E-05
5.5529E-05
5.4730E-05
5.3500E-05
5.2905E-05
4.5888E-05
4.5528E-05
4.4527E-05
4.3440E-05
4.1964E-05
4.2368E-05
4.1913E-05
4.0628E-05
3.8917E-05
3.7731E-05
2.1230E-05
2.0785E-05
1.9543E-05
1.8245E-05
1.6843E-05
2.0593E-05
2.0070E-05
1.8679E-05
1.6995E-05
1.5822E-05
1.4198E-05
1.3811E-05
1.2731E-05
1.1686E-05
1.0488E-05
8.3992E-06
8.0382E-06
7.0841E-06
6.0883E-06
5.2169E-06
1.2619E-06
1.1239E-06
7.7848E-07
4.1978E-07
1.3669E-07
-5.6914E-06
-5.6420E-06
-5.5445E-06
-5.2837E-06
-5.2197E-06
-1.1780E-05
-1.1542E-05
-1.0844E-05
-1.0222E-05
-9.4076E-06
-1.7887E-05
-1.7486E-05
-1.6435E-05
-1.5066E-05
-1.4067E-05

2.6158E-05
5.1408E-05
6.9928E-05
8.5259E-05
0.
2.5221E-05
4.9445E-05
6.7054E-05
8.2103E-05
0.
2.2174E-05
4.2977E-05
5.7329E-05
6.9041E-05
0.
2.0841E-05
4.0239E-05
5.3540E-05
6.4319E-05
0.
1.3971E-05
2.5266E-05
3.0930E-05
3.4214E-05
0.
1.4061E-05
2.4857E-05
3.0186E-05
3.3697E-05
0.
1.1322E-05
2.0158E-05
2.3390E-05
2.4020E-05
0.
9.8058E-06
1.6074E-05
1.6791E-05
1.6509E-05
0.
3.6302E-06
6.4226E-06
5.7869E-06
4.2410E-06
0.
-1.6762E-06
-3.3115E-06
-4.9224E-06
-7.4555E-06
0.
-6.7843E-06
-1.1285E-05
-1.5636E-05
-1.6889E-05
0.
-1.3008E-05
-2.3906E-05
-2.5712E-05
-2.8745E-05

-3.9443E-03
-3.9410E-03
-3.9325E-03
-3.9314E-03
-3.9636E-03
-3.9622E-03
-3.9579E-03
-3.9584E-03
-3.9465E-03
-4.0519E-03
-4.0488E-03
-4.0401E-03
-4.0265E-03
-4.0187E-03
-4.0779E-03
-4.0744E-03
-4.0640E-03
-4.0569E-03
-4.0393E-03
-4.1559E-03
-4.1489E-03
-4.1297E-03
-4.1065E-03
-4.0885E-03
-4.1575E-03
-4.1502E-03
-4.1303E-03
-4.1120E-03
-4.0880E-03
-4.1759E-03
-4.1673E-03
-4.1433E-03
-4.1163E-03
-4.0949E-03
-4.1871E-03
-4.1771E-03
-4.1490E-03
-4.1233E-03
-4.0953E-03
-4.1946E-03
-4.1843E-03
-4.1541E-03
-4.1222E-03
-4.0979E-03
-4.1945E-03
-4.1840E-03
-4.1522E-03
-4.1236E-03
-4.0945E-03
-4.1960E-03
-4.1857E-03
-4.1536E-03
-4.1202E-03
-4.0964E-03
-4.1907E-03
-4.1807E-03
-4.1491E-03
-4.1199E-03
-4.0923E-03

335
MAXIMUM
AT NODE
MINIMUM
AT NODE

1.6195E-04
5505

1.5319E-04 -3.4871E-03
5595
5505

-1.7887E-05 -2.8745E-05 -4.1960E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
19.5

,
,

280 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.782
19.5

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535

U1

1.5211E-04
1.1755E-04
9.9989E-05
9.2066E-05
8.8806E-05
8.3955E-05
6.4791E-05
5.4713E-05
5.7948E-05
4.6903E-05
4.3849E-05
4.3784E-05
4.3338E-05
4.3210E-05
4.2330E-05
4.1010E-05
4.0818E-05
4.0398E-05
3.9463E-05
3.9458E-05
2.8114E-05
2.7979E-05
2.7594E-05
2.7317E-05
2.6614E-05
2.3068E-05
2.2903E-05
2.2432E-05
2.1708E-05
2.1358E-05
9.7319E-06
9.5851E-06

U2

0.
3.9455E-05
7.8545E-05
1.0872E-04
1.3822E-04
0.
1.5166E-05
3.9171E-05
6.9576E-05
8.2792E-05
0.
1.9336E-05
3.8121E-05
5.2209E-05
6.3705E-05
0.
1.8148E-05
3.5662E-05
4.8270E-05
5.9673E-05
0.
1.3084E-05
2.5607E-05
3.4706E-05
4.2175E-05
0.
1.0838E-05
2.1189E-05
2.8601E-05
3.4893E-05
0.
5.9686E-06

U3

-3.2907E-03
-3.3262E-03
-3.3484E-03
-3.3582E-03
-3.3680E-03
-3.4470E-03
-3.4672E-03
-3.4811E-03
-3.4952E-03
-3.4943E-03
-3.6698E-03
-3.6699E-03
-3.6697E-03
-3.6655E-03
-3.6683E-03
-3.6806E-03
-3.6804E-03
-3.6797E-03
-3.6836E-03
-3.6768E-03
-3.7345E-03
-3.7334E-03
-3.7303E-03
-3.7238E-03
-3.7224E-03
-3.7466E-03
-3.7453E-03
-3.7414E-03
-3.7407E-03
-3.7318E-03
-3.7837E-03
-3.7812E-03

336
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
16595
17005
17035
17065
17080
17095

9.1751E-06
8.7384E-06
8.2757E-06
9.0757E-06
8.9042E-06
8.4471E-06
7.9233E-06
7.5008E-06
5.9481E-06
5.8228E-06
5.4731E-06
5.0939E-06
4.7438E-06
2.9041E-06
2.7888E-06
2.4836E-06
2.2451E-06
-4.5273E-06
-7.9300E-06
-7.7956E-06
-7.4398E-06
-6.8914E-06
-6.6288E-06

MAXIMUM
AT NODE

1.5211E-04
5505

MINIMUM
AT NODE

1.1076E-05 -3.7744E-03
1.4008E-05 -3.7646E-03
1.6111E-05 -3.7590E-03
0.
-3.7826E-03
5.7793E-06 -3.7800E-03
1.0514E-05 -3.7728E-03
1.3293E-05 -3.7680E-03
1.5230E-05 -3.7572E-03
0.
-3.7911E-03
4.4942E-06 -3.7881E-03
8.1907E-06 -3.7797E-03
9.8382E-06 -3.7687E-03
1.0698E-05 -3.7620E-03
0.
-3.7930E-03
3.5225E-06 -3.7896E-03
5.9148E-06 -3.7798E-03
6.80
-4.8710E-06 -5.6013E-06 -3.7701E-03
-6.1169E-06 -3.7626E-03
0.
-3.7938E-03
-4.5310E-06 -3.7903E-03
-8.4122E-06 -3.7794E-03
-9.2421E-06 -3.7711E-03
-1.0635E-05 -3.7591E-03
1.3822E-04 -3.2907E-03
5595
5505

-7.9300E-06 -1.0635E-05 -3.7977E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
20.7

,
,

290 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.828
20.7

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080

U1

1.7113E-04
1.3650E-04
1.1876E-04
1.1055E-04
1.0706E-04
1.0449E-04
8.5248E-05
7.4936E-05
7.7948E-05

U2

0.
4.8049E-05
9.5588E-05
1.3207E-04
1.6715E-04
0.
2.4445E-05
5.7553E-05
9.4902E-05

U3

-3.6703E-03
-3.7050E-03
-3.7251E-03
-3.7319E-03
-3.7389E-03
-3.8569E-03
-3.8762E-03
-3.8875E-03
-3.8991E-03

337
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065

6.6554E-05
7.1603E-05
7.1311E-05
7.0243E-05
6.9135E-05
6.7556E-05
6.9695E-05
6.9253E-05
6.8101E-05
6.6595E-05
6.5450E-05
6.2469E-05
6.1900E-05
6.0324E-05
5.8482E-05
5.6285E-05
6.0374E-05
5.9649E-05
5.7604E-05
5.4971E-05
5.3007E-05
3.1957E-05
3.1233E-05
2.9215E-05
2.7115E-05
2.4836E-05
3.1337E-05
3.0486E-05
2.8226E-05
2.5457E-05
2.3585E-05
2.1895E-05
2.1264E-05
1.9503E-05
1.7836E-05
1.5847E-05
1.3526E-05
1.2936E-05
1.1376E-05
9.6737E-06
8.3218E-06
2.4143E-06
2.1865E-06
1.6149E-06
1.0723E-06
5.4692E-07
-8.2545E-06
-8.1769E-06
-8.0273E-06
-7.6921E-06
-7.5246E-06
-1.7775E-05
-1.7390E-05
-1.6264E-05
-1.5213E-05
-1.3961E-05
-2.7177E-05
-2.6527E-05
-2.4828E-05

1.1396E-04
0.
3.2523E-05
6.3803E-05
8.6459E-05
1.0537E-04
0.
3.1819E-05
6.2304E-05
8.4579E-05
1.0303E-04
0.
3.0654E-05
5.9183E-05
7.8435E-05
9.4105E-05
0.
3.0173E-05
5.8012E-05
7.6806E-05
9.1772E-05
0.
2.1436E-05
3.8504E-05
4.6717E-05
5.1103E-05
0.
2.1787E-05
3.8237E-05
4.5947E-05
5.0926E-05
0.
1.7693E-05
3.1322E-05
3.6034E-05
3.6448E-05
0.
1.5668E-05
2.5553E-05
2.6333E-05
2.5713E-05
0.
5.7347E-06
1.0106E-05
8.9906E-06
6.2814E-06
0.
-2.7029E-06
-5.3260E-06
-8.0041E-06
-1.1996E-05
0.
-1.0931E-05
-1.8109E-05
-2.4997E-05
-2.6938E-05
0.
-2.0916E-05
-3.8360E-05

-3.8939E-03
-4.2024E-03
-4.2003E-03
-4.1940E-03
-4.1816E-03
-4.1768E-03
-4.2276E-03
-4.2251E-03
-4.2176E-03
-4.2148E-03
-4.1981E-03
-4.3479E-03
-4.3431E-03
-4.3292E-03
-4.3089E-03
-4.2951E-03
-4.3870E-03
-4.3814E-03
-4.3650E-03
-4.3519E-03
-4.3262E-03
-4.5031E-03
-4.4918E-03
-4.4613E-03
-4.4255E-03
-4.3959E-03
-4.5073E-03
-4.4956E-03
-4.4637E-03
-4.4329E-03
-4.3967E-03
-4.5349E-03
-4.5211E-03
-4.4826E-03
-4.4405E-03
-4.4054E-03
-4.5548E-03
-4.5386E-03
-4.4935E-03
-4.4505E-03
-4.4077E-03
-4.5650E-03
-4.5485E-03
-4.4998E-03
-4.4498E-03
-4.4101E-03
-4.5668E-03
-4.5499E-03
-4.4986E-03
-4.4510E-03
-4.4064E-03
-4.5676E-03
-4.5509E-03
-4.4993E-03
-4.4469E-03
-4.4077E-03
-4.5610E-03
-4.5449E-03
-4.4939E-03

338
17080
17095

-2.2693E-05 -4.1078E-05 -4.4454E-03
-2.1006E-05 -4.5640E-05 -4.4031E-03

MAXIMUM
AT NODE
MINIMUM
AT NODE

1.7113E-04
5505

1.6715E-04 -3.6703E-03
5595
5505

-2.7177E-05 -4.5640E-05 -4.5676E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
21.9

,
,

300 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.875
21.9

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095

U1

1.6159E-04
1.2700E-04
1.0935E-04
1.0128E-04
9.7908E-05
9.4193E-05
7.4990E-05
6.4796E-05
6.7919E-05
5.6700E-05
5.7686E-05
5.7508E-05
5.6751E-05
5.6135E-05
5.4907E-05
5.5311E-05
5.4994E-05
5.4210E-05
5.2990E-05
5.2417E-05
4.5242E-05
4.4891E-05
4.3912E-05
4.2855E-05
4.1406E-05
4.1667E-05
4.1223E-05
3.9968E-05
3.8292E-05
3.7137E-05

U2

0.
4.3740E-05
8.7042E-05
1.2036E-04
1.5265E-04
0.
1.9792E-05
4.8335E-05
8.2202E-05
9.8331E-05
0.
2.5910E-05
5.0925E-05
6.9285E-05
8.4476E-05
0.
2.4964E-05
4.8944E-05
6.6372E-05
8.1288E-05
0.
2.1844E-05
4.2346E-05
5.6507E-05
6.8065E-05
0.
2.0478E-05
3.9547E-05
5.2634E-05
6.3251E-05

U3

-3.4799E-03
-3.5151E-03
-3.5362E-03
-3.5445E-03
-3.5529E-03
-3.6514E-03
-3.6711E-03
-3.6837E-03
-3.6965E-03
-3.6935E-03
-3.9353E-03
-3.9344E-03
-3.9311E-03
-3.9228E-03
-3.9218E-03
-3.9533E-03
-3.9519E-03
-3.9478E-03
-3.9484E-03
-3.9367E-03
-4.0403E-03
-4.0374E-03
-4.0289E-03
-4.0155E-03
-4.0079E-03
-4.0659E-03
-4.0624E-03
-4.0523E-03
-4.0454E-03
-4.0281E-03

339
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

2.0812E-05
2.0378E-05
1.9166E-05
1.7900E-05
1.6532E-05
2.0174E-05
1.9664E-05
1.8308E-05
1.6665E-05
1.5520E-05
1.3898E-05
1.3521E-05
1.2468E-05
1.1446E-05
1.0279E-05
8.1996E-06
7.8476E-06
6.9170E-06
5.9487E-06
5.0960E-06
1.2170E-06
1.0826E-06
7.4592E-07
3.9438E-07
1.2072E-07
-5.5917E-06
-5.5433E-06
-5.4479E-06
-5.1899E-06
-5.1300E-06
-1.1547E-05
-1.1314E-05
-1.0633E-05
-1.0027E-05
-9.2304E-06
-1.7526E-05
-1.7134E-05
-1.6109E-05
-1.4769E-05
-1.3796E-05

MAXIMUM
AT NODE

1.6159E-04
5505

MINIMUM
AT NODE

0.
1.3680E-05
2.4750E-05
3.0316E-05
3.3556E-05
0.
1.3760E-05
2.4336E-05
2.9573E-05
3.3027E-05
0.
1.1074E-05
1.9723E-05
2.2898E-05
2.3536E-05
0.
9.5776E-06
1.5705E-05
1.6420E-05
1.6151E-05
0.
3.5483E-06
6.2792E-06
5.6622E-06
4.1616E-06
0.
-1.6362E-06
-3.2331E-06
-4.8024E-06
-7.2787E-06
0.
-6.6228E-06
-1.1019E-05
-1.5271E-05
-1.6497E-05
0.
-1.2700E-05
-2.3343E-05
-2.5114E-05
-2.8087E-05

-4.1424E-03
-4.1355E-03
-4.1168E-03
-4.0941E-03
-4.0765E-03
-4.1439E-03
-4.1367E-03
-4.1173E-03
-4.0995E-03
-4.0760E-03
-4.1620E-03
-4.1535E-03
-4.1301E-03
-4.1036E-03
-4.0828E-03
-4.1728E-03
-4.1630E-03
-4.1356E-03
-4.1106E-03
-4.0831E-03
-4.1801E-03
-4.1702E-03
-4.1406E-03
-4.1094E-03
-4.0858E-03
-4.1800E-03
-4.1698E-03
-4.1387E-03
-4.1109E-03
-4.0823E-03
-4.1815E-03
-4.1714E-03
-4.1402E-03
-4.1075E-03
-4.0843E-03
-4.1763E-03
-4.1665E-03
-4.1357E-03
-4.1073E-03
-4.0802E-03

1.5265E-04 -3.4799E-03
5595
5505

-1.7526E-05 -2.8087E-05 -4.1815E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
23.0

,
,

310 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

O U T P U T

0.922
23.0

340

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505

U1

1.5247E-04
1.1790E-04
1.0034E-04
9.2413E-05
8.9149E-05
8.4341E-05
6.5175E-05
5.5093E-05
5.8324E-05
4.7272E-05
4.4370E-05
4.4302E-05
4.3843E-05
4.3697E-05
4.2804E-05
4.1549E-05
4.1353E-05
4.0919E-05
3.9973E-05
3.9947E-05
2.8760E-05
2.8616E-05
2.8209E-05
2.7903E-05
2.7171E-05
2.3769E-05
2.3593E-05
2.3093E-05
2.2333E-05
2.1953E-05
1.0149E-05
9.9918E-06
9.5516E-06
9.0837E-06
8.5869E-06
9.4940E-06
9.3097E-06
8.8187E-06
8.2528E-06
7.8030E-06
6.2477E-06
6.1129E-06
5.7367E-06
5.3333E-06
4.9524E-06
3.1037E-06
2.9794E-06
2.6507E-06
2.3847E-06
2.0097E-06
7.1458E-08

U2

0.
3.9617E-05
7.8865E-05
1.0916E-04
1.3877E-04
0.
1.5340E-05
3.9516E-05
7.0052E-05
8.3378E-05
0.
1.9584E-05
3.8604E-05
5.2853E-05
6.4488E-05
0.
1.8405E-05
3.6162E-05
4.8952E-05
6.0488E-05
0.
1.3414E-05
2.6237E-05
3.5527E-05
4.3150E-05
0.
1.1202E-05
2.1881E-05
2.9506E-05
3.5962E-05
0.
6.2592E-06
1.1591E-05
1.4623E-05
1.6769E-05
0.
6.0800E-06
1.1035E-05
1.3906E-05
1.5901E-05
0.
4.7422E-06
8.6253E-06
1.0330E-05
1.1182E-05
0.
3.7507E-06
6.2837E-06
6.9346E-06
7.0011E-06
0.

U3

-3.2978E-03
-3.3333E-03
-3.3555E-03
-3.3652E-03
-3.3749E-03
-3.4547E-03
-3.4749E-03
-3.4888E-03
-3.5028E-03
-3.5018E-03
-3.6798E-03
-3.6799E-03
-3.6796E-03
-3.6752E-03
-3.6779E-03
-3.6909E-03
-3.6906E-03
-3.6898E-03
-3.6936E-03
-3.6866E-03
-3.7460E-03
-3.7449E-03
-3.7416E-03
-3.7348E-03
-3.7331E-03
-3.7587E-03
-3.7572E-03
-3.7531E-03
-3.7522E-03
-3.7430E-03
-3.7973E-03
-3.7946E-03
-3.7873E-03
-3.7770E-03
-3.7710E-03
-3.7962E-03
-3.7934E-03
-3.7858E-03
-3.7805E-03
-3.7692E-03
-3.8051E-03
-3.8019E-03
-3.7929E-03
-3.7813E-03
-3.7741E-03
-3.8074E-03
-3.8036E-03
-3.7932E-03
-3.7853E-03
-3.7726E-03
-3.8119E-03

341
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

2.6421E-08
-8.5533E-08
-2.5425E-07
-2.8706E-07
-3.0440E-06
-3.0236E-06
-2.9799E-06
-2.7959E-06
-2.8388E-06
-5.5881E-06
-5.5003E-06
-5.2443E-06
-5.0654E-06
-4.7046E-06
-8.2916E-06
-8.1475E-06
-7.7665E-06
-7.1882E-06
-6.8989E-06

MAXIMUM
AT NODE

1.5247E-04
5505

MINIMUM
AT NODE

1.4565E-06
2.6174E-06
2.4777E-06
2.1334E-06
0.
-6.1562E-07
-1.2305E-06
-1.7392E-06
-2.7653E-06
0.
-2.5009E-06
-4.2363E-06
-5.9657E-06
-6.5081E-06
0.
-4.8388E-06
-8.9748E-06
-9.8403E-06
-1.1293E-05

-3.8081E-03
-3.7970E-03
-3.7837E-03
-3.7755E-03
-3.8099E-03
-3.8060E-03
-3.7943E-03
-3.7855E-03
-3.7723E-03
-3.8122E-03
-3.8084E-03
-3.7966E-03
-3.7828E-03
-3.7748E-03
-3.8082E-03
-3.8045E-03
-3.7929E-03
-3.7838E-03
-3.7712E-03

1.3877E-04 -3.2978E-03
5595
5505

-8.2916E-06 -1.1293E-05 -3.8122E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

0.117
24.2

,
,

320 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

0.968
24.2

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565

U1

1.7148E-04
1.3686E-04
1.1911E-04
1.1090E-04
1.0741E-04
1.0488E-04
8.5632E-05
7.5316E-05
7.8324E-05
6.6923E-05
7.2125E-05
7.1828E-05
7.0748E-05

U2

0.
4.8211E-05
9.5909E-05
1.3251E-04
1.6770E-04
0.
2.4620E-05
5.7898E-05
9.5378E-05
1.1455E-04
0.
3.2771E-05
6.4285E-05

U3

-3.6774E-03
-3.7122E-03
-3.7322E-03
-3.7389E-03
-3.7459E-03
-3.8646E-03
-3.8839E-03
-3.8951E-03
-3.9066E-03
-3.9014E-03
-4.2124E-03
-4.2103E-03
-4.2038E-03

342
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

6.9622E-05
6.8030E-05
7.0234E-05
6.9787E-05
6.8621E-05
6.7105E-05
6.5939E-05
6.3114E-05
6.2538E-05
6.0939E-05
5.9068E-05
5.6842E-05
6.1074E-05
6.0339E-05
5.8265E-05
5.5596E-05
5.3601E-05
3.2374E-05
3.1640E-05
2.9592E-05
2.7460E-05
2.5147E-05
3.1756E-05
3.0892E-05
2.8597E-05
2.5787E-05
2.3887E-05
2.2195E-05
2.1554E-05
1.9766E-05
1.8075E-05
1.6056E-05
1.3725E-05
1.3126E-05
1.1543E-05
9.8132E-06
8.4426E-06
2.4591E-06
2.2278E-06
1.6475E-06
1.0977E-06
5.6289E-07
-8.3542E-06
-8.2755E-06
-8.1240E-06
-7.7859E-06
-7.6144E-06
-1.8009E-05
-1.7618E-05
-1.6475E-05
-1.5408E-05
-1.4138E-05
-2.7538E-05
-2.6879E-05
-2.5154E-05
-2.2990E-05
-2.1276E-05

MAXIMUM

1.7148E-04

8.7102E-05
1.0615E-04
0.
3.2076E-05
6.2804E-05
8.5261E-05
1.0384E-04
0.
3.0984E-05
5.9813E-05
7.9256E-05
9.5081E-05
0.
3.0537E-05
5.8703E-05
7.7712E-05
9.2841E-05
0.
2.1727E-05
3.9019E-05
4.7332E-05
5.1760E-05
0.
2.2088E-05
3.8758E-05
4.6560E-05
5.1597E-05
0.
1.7941E-05
3.1757E-05
3.6526E-05
3.6932E-05
0.
1.5896E-05
2.5922E-05
2.6704E-05
2.6072E-05
0.
5.8166E-06
1.0250E-05
9.1153E-06
6.3608E-06
0.
-2.7428E-06
-5.4045E-06
-8.1240E-06
-1.2173E-05
0.
-1.1092E-05
-1.8374E-05
-2.5361E-05
-2.7329E-05
0.
-2.1223E-05
-3.8923E-05
-4.1676E-05
-4.6297E-05

-4.1913E-03
-4.1864E-03
-4.2379E-03
-4.2353E-03
-4.2277E-03
-4.2248E-03
-4.2079E-03
-4.3595E-03
-4.3545E-03
-4.3405E-03
-4.3199E-03
-4.3059E-03
-4.3991E-03
-4.3933E-03
-4.3768E-03
-4.3633E-03
-4.3373E-03
-4.5166E-03
-4.5052E-03
-4.4742E-03
-4.4379E-03
-4.4078E-03
-4.5209E-03
-4.5090E-03
-4.4767E-03
-4.4454E-03
-4.4088E-03
-4.5489E-03
-4.5348E-03
-4.4958E-03
-4.4532E-03
-4.4175E-03
-4.5691E-03
-4.5527E-03
-4.5069E-03
-4.4632E-03
-4.4198E-03
-4.5794E-03
-4.5627E-03
-4.5133E-03
-4.4626E-03
-4.4222E-03
-4.5813E-03
-4.5642E-03
-4.5121E-03
-4.4637E-03
-4.4185E-03
-4.5820E-03
-4.5651E-03
-4.5127E-03
-4.4596E-03
-4.4199E-03
-4.5754E-03
-4.5590E-03
-4.5074E-03
-4.4580E-03
-4.4152E-03

1.6770E-04 -3.6774E-03

343
AT NODE
MINIMUM
AT NODE

5505

5595

5505

-2.7538E-05 -4.6297E-05 -4.5820E-03
17005
17095
16505

INCREMENT

TIME INCREMENT COMPLETED
STEP TIME COMPLETED

8.803E-02,
25.0
,

327 SUMMARY

FRACTION OF STEP COMPLETED
TOTAL TIME COMPLETED

N O D E

1.00
25.0

O U T P U T

THE FOLLOWING TABLE IS PRINTED FOR NODES BELONGING TO NODE SET RESULTS
NODE FOOTNOTE
5505
5535
5565
5580
5595
6005
6035
6065
6080
6095
8505
8535
8565
8580
8595
9005
9035
9065
9080
9095
10505
10535
10565
10580
10595
11005
11035
11065
11080
11095
13505
13535
13565
13580

U1

1.4752E-04
1.1298E-04
9.5460E-05
8.7606E-05
8.4401E-05
7.9000E-05
5.9855E-05
4.9833E-05
5.3122E-05
4.2161E-05
3.7151E-05
3.7142E-05
3.6845E-05
3.6953E-05
3.6242E-05
3.4088E-05
3.3957E-05
3.3713E-05
3.2916E-05
3.3186E-05
1.9824E-05
1.9793E-05
1.9695E-05
1.9796E-05
1.9454E-05
1.4066E-05
1.4035E-05
1.3945E-05
1.3681E-05
1.3720E-05
4.3684E-06
4.3609E-06
4.3389E-06
4.3037E-06

U2

0.
3.7381E-05
7.4432E-05
1.0308E-04
1.3124E-04
0.
1.2926E-05
3.4734E-05
6.3464E-05
7.5270E-05
0.
1.6154E-05
3.1924E-05
4.3944E-05
5.3651E-05
0.
1.4848E-05
2.9232E-05
3.9508E-05
4.9210E-05
0.
8.8443E-06
1.7504E-05
2.4152E-05
2.9642E-05
0.
6.1722E-06
1.2302E-05
1.6967E-05
2.1167E-05
0.
2.2358E-06
4.4563E-06
6.1146E-06

U3

-3.1991E-03
-3.2348E-03
-3.2575E-03
-3.2680E-03
-3.2785E-03
-3.3481E-03
-3.3685E-03
-3.3831E-03
-3.3977E-03
-3.3978E-03
-3.5413E-03
-3.5419E-03
-3.5432E-03
-3.5409E-03
-3.5456E-03
-3.5486E-03
-3.5489E-03
-3.5498E-03
-3.5554E-03
-3.5510E-03
-3.5865E-03
-3.5863E-03
-3.5858E-03
-3.5826E-03
-3.5842E-03
-3.5921E-03
-3.5918E-03
-3.5909E-03
-3.5932E-03
-3.5884E-03
-3.6101E-03
-3.6098E-03
-3.6086E-03
-3.6051E-03

344
13595
14005
14035
14065
14080
14095
14505
14535
14565
14580
14595
15005
15035
15065
15080
15095
15505
15535
15565
15580
15595
16005
16035
16065
16080
16095
16505
16535
16565
16580
16595
17005
17035
17065
17080
17095

4.2794E-06
3.7034E-06
3.6958E-06
3.6741E-06
3.6919E-06
3.6193E-06
2.0996E-06
2.0965E-06
2.0873E-06
2.0190E-06
2.0643E-06
3.4081E-07
3.3997E-07
3.3749E-07
4.5239E-07
3.3633E-07
-5.4969E-07
-5.4627E-07
-5.3639E-07
-6.0601E-07
-5.0821E-07
-1.6628E-06
-1.6577E-06
-1.6420E-06
-1.4981E-06
-1.5967E-06
-2.3575E-06
-2.3485E-06
-2.3231E-06
-2.3753E-06
-2.2510E-06
-3.2855E-06
-3.2754E-06
-3.2439E-06
-3.0781E-06
-3.1594E-06

MAXIMUM
AT NODE

1.4752E-04
5505

MINIMUM
AT NODE

7.6669E-06
0.
1.9162E-06
3.8241E-06
5.4128E-06
6.6162E-06
0.
1.3090E-06
2.6084E-06
3.5165E-06
4.4837E-06
0.
5.9155E-07
1.1756E-06
1.7922E-06
2.0405E-06
0.
3.2231E-07
6.3208E-07
7.5114E-07
1.0338E-06
0.
-6.2315E-08
-1.4484E-07
-7.8402E-08
-3.1833E-07
0.
-2.6618E-07
-5.5883E-07
-9.2066E-07
-1.0922E-06
0.
-5.7691E-07
-1.1850E-06
-1.5593E-06
-2.1874E-06

-3.6054E-03
-3.6076E-03
-3.6072E-03
-3.6061E-03
-3.6076E-03
-3.6028E-03
-3.6116E-03
-3.6112E-03
-3.6100E-03
-3.6065E-03
-3.6067E-03
-3.6092E-03
-3.6088E-03
-3.6076E-03
-3.6090E-03
-3.6043E-03
-3.6123E-03
-3.6119E-03
-3.6107E-03
-3.6071E-03
-3.6073E-03
-3.6092E-03
-3.6088E-03
-3.6076E-03
-3.6090E-03
-3.6043E-03
-3.6119E-03
-3.6115E-03
-3.6103E-03
-3.6068E-03
-3.6070E-03
-3.6086E-03
-3.6082E-03
-3.6070E-03
-3.6084E-03
-3.6036E-03

1.3124E-04 -3.1991E-03
5595
5505

-3.2855E-06 -2.1874E-06 -3.6123E-03
17005
17095
15505

THE ANALYSIS HAS BEEN COMPLETED

ANALYSIS COMPLETE

JOB TIME SUMMARY
USER TIME (SEC)
SYSTEM TIME (SEC)
TOTAL CPU TIME (SEC)
WALLCLOCK TIME (SEC)

=
=
=
=

13430.
5674.7
19105.
41941

